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Abstract 
The present work covers the fabrication and electrical and magnetic investigation of LaNiO3- 
and LaMnO3- based superlattices (SL). In recent years, several interesting theoretical 
predictions have been made in these SLs, for example, Mott insulators, metal-insulator 
transitions, superconductivity, topological insulators, and Chern insulators. Motivated by the 
promising theoretical predictions, four kinds of SLs with different designed structures and 
orientations were systematically studied in this thesis. The samples were grown by pulsed 
laser deposition with in-situ reflection high-energy electron diffraction to monitor the 
two-dimensional layer-by-layer growth process. In order to ensure the high-quality of SLs, 
growth parameters were optimised. Characteristic methods like X-ray diffraction, atomic 
force microscopy, and transmission electron microscopy were used. These measurements 
proved the high-quality of the SLs and provided the basis for electrical and magnetic 
measurements. 
The first studied SL is the (001)-oriented LaNiO3/LaAlO3 SL, which was predicted as a 
superconductor in theory. Temperature-dependent resistivity measurements revealed a 
metal-insulator transition by lowering the dimensionality of the LaNiO3 layers in the SLs 
from three dimensions to two dimensions. The second studied SL is the (111)-oriented 
LaNiO3/LaAlO3 SL, which was predicted as a topological insulator in theory. The 
polarity-controlled conductivity was observed and the intrinsic conductivity mechanisms were 
discussed by means of appropriate modeling. The third studied SL is LaMnO3/LaAlO3 SL, 
which was predicted as a Chern insulator in theory. By lowering the temperature, a 
paramagnetic-ferromagnetic phase transition and a thermal activated behavior were observed 
in the SLs. The last studied SL is the LaNiO3/LaMnO3 SL, in which an exchange bias effect 
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“The interface is the device”, Herbert Kroemer stated in his Nobel price address. This famous 
phrase was referred to the astonishing success of devices based on thin semiconductor films 
for photonic and electronic application during the past 40 years. Now a similar revolution is in 
progress for the transition metal oxides (TMOs) with the technical advances in the 
atomic-scale synthesis of oxide heterostructures. TMOs host versatile forms of order in their 
charge, spin and orbital states. These electronic orders coming together at the interface give 
rise to a variety of phenomena, for example, Mott insulators, metal-insulator transitions (MIT), 
multiferroics, superconductivity, topological insulators (TIs), and Chern insulators [1]. 
This work is focused on two kinds of superlattices (SLs) based on LaNiO3 (LNO) and 
LaMnO3 (LMO) materials. In recent years, several interesting predictions have been made by 
theoretical calculations: 
Superconductivity is the phenomenon of zero electrical resistance and expulsion of 
magnetic flux occurring in materials when cooled below a critical temperature. Although the 
theory of high-temperature superconductivity is incomplete, on empirical grounds, the key 
electronic and structure elements that support high transition temperature values are well 
known as spin one-half, quasi two-dimensionality (2D), no orbital degeneracy, and strong 
antiferromagnetic correlation [2]. LNO is a metallic oxide with strongly electronic correlated 
spin one-half 3d electrons in Ni3+ ions. Sandwiching a LNO layer between insulating layers, 
for example LaAlO3 (LAO) layers, will form a quasi-2D structure and relieve the degeneracy 
of eg bands [3]. In addition, the strong antiferromagnetic correlations were revealed in 
(001)-oriented LNO/LAO SLs [3]. Thus, the orbitally nondegenerate spin one-half electronic 
structure - as in cuprates - was theoretical predicted in the (001)-oriented LNO/LAO SLs. 
Motivated by the above mentioned, promising theoretical prediction, several kinds of 
(001)-oriented LNO/LAO SLs were grown and studied, which will be shown in chapter 5. 
TIs are materials with a bulk insulating gap, exhibiting quantum-Hall-like behavior in the 
absence of a magnetic field [4]. In 1988, Haldane proposed that electrons hopping on a 
honeycomb lattice could realize the quantum hall effect in the absence of Landau levels [5]. 
Along this direction, a method to design TIs was developed. Considering bilayers of the ABO3 
perovskite structure grown in the [111] direction, the B ions in the bilayer are located on a 
4 
 
buckled honeycomb lattice [6]. Density functional theory (DFT) studies have shown that eg 
electrons hopping on this honeycomb lattice give rise to a Dirac point in the Brillouin zone 
[7-8]. More recently, Prof. Rossitza Pentcheva’s group has predicted a set of 
broken-symmetry 2D ground states in the (111)-oriented LNO/LAO SLs to exhibit properties 
including ferromagnetic, Mott insulation, switchable multiferroic, parallel half-semimetallic 
2D electron gases, and possibly topological phases [9]. In chapter 6, the growth of 
(111)-oriented LNO/LAO SLs and their properties will be discussed. 
A Chern insulator is a species of TI with broken time reversal symmetry. It was defined 
as an insulator whose occupied bands carry a nonzero Chern number [10]. A Chern insulator 
exhibits quantum anomalous Hall effect in the absence of an external magnetic field [11]. The 
keys to realize Chern insulators are broken time reversal symmetry and spin-orbital coupling 
[12]. A (111) bilayer of perovskite LMO forms a buckled honeycomb lattice which can 
support the Dirac-cone-type band structure. A theory based on the first-principles calculation 
and tight-binding model revealed the Fermi energy of LMO/LaScO3 (111) SL just stays at the 
Dirac point [13]. Taking the spin-orbital coupling into account, band gaps appear at both K 
and Γ point, rendering a Chern insulator [13]. Prof. Rossitza Pentcheva’s group 
designed-theoretically several kinds of (111)-oriented LMO/LAO SLs and calculated their 
band structures [14]. Interesting properties were predicted including Dirac semimetal phase, a 
trivial Mott insulation, and a Chern insulating state [14]. In chapter 7, the experimental study 
of LMO/LAO SLs with different structures and orientations will be described. 
Exchange bias (EB) is one of the phenomena associated with the exchange anisotropy 
created at the interface between an antiferromagnetic and a ferromagnetic material [15]. 
Recently, an unexpected EB effect was observed in SLs composed of (111)-oriented layers of 
paramagnetic LNO and ferromagnetic LMO [16]. Confusingly, no EB effect was observed for 
SLs grown along (001) orientation [16]. Lee and Han investigated the electronic structure and 
magnetic properties of LNO/LMO SLs using first-principles density functional theory 
calculations [17]. They concluded that the magnetic moments are related to the charge transfer 
between Ni and Mn at the interface [17]. Based on this theoretical study, EB effect should be 
independent of the growth orientations. To verify the above theory and provide more 
5 
 
experimental results for the improvement of the theory, LNO/LMO SLs with different 
orientations will be shown in chapter 8. 
The detailed introductions of investigated single film and SLs are described in the 
corresponding chapters (chapter 4-8). The whole thesis is structured into 5 sections (I-V). A 
brief introduction of whole thesis is given in the first section (I). The second section (II) 
contains three chapters (Chapter 1-3), which introduce the materials and methods that were 
used in this work. Four kinds of SLs with novel properties and well-designed structures will 
be presented in chapter 1. Chapter 2 presents the applied experimental methods for fabricating 
and measuring the samples. The details of sample preparation including target and substrate 
preparation, growth and annealing of samples, and fabrication of gold contacts and wires for 
electrical measurement will be presented in chapter 3. The results of study will be discussed 
in sections III and IV. The section III focuses on LNO-based SLs. This section is structured 
into three chapters (chapter 4-6). The results of LNO single films, (001)-oriented and 
(111)-oriented LNO/LAO SLs are presented in chapter 4, 5, and 6, respectively. The section 
IV is focus on LMO-based SLs. In this section, the results of LMO/LAO SLs and LNO/LMO 
SLs are shown in chapter 7 and 8. The summary of the whole thesis and an outlook of the 

























Chapter 1 Materials 
For the investigation of SLs it is important to know the properties of the bulk constituting 
materials. Herein, this chapter begins with a brief introduction of the main oxides used in the 
experiments. Afterwards two kinds of SLs, LaNiO3-based and LaMnO3-based SLs will be 
discussed. In particular their structural, electronic, and magnetic properties will be of interest. 
1.1 Perovskites 
Perovskite structures are adopted by many oxides that have the chemical formula ABO3, 
where A is usually an alkaline earth or rare earth element, B could be a 3d, 4d, or 5d transition 
metal element. In general, A-site cations are typically larger than the B-site cations and similar 
in size to the oxygen anion. The ideal perovskite-type structure is cubic with space group 
Pm3m [18]. It consists of BO6 octahedra connected to each other by corner oxygen, and 
A-cations occupy the twelve fold coordination sites surrounding eight BO6 octahedra as 
illustrated in Figure 1.1. 
Perovskites exhibit many interesting properties from both the theoretical and the 
application point of view. Piezoelectric, ferroelectric, multiferroic, colossal magnetoresistance, 
superconducting, charge ordering, and topologically conducting behaviors have been revealed 
in this family. 
 
 
Figure 1.1 The structure of an ABO3 perovskite with the origin centered at (a) the B-site ion 
and (b) the A-site ion. The figures were taken from Ref. [19]. 
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A large number of metallic elements are stable in the perovskite structure if the tolerance 




 , (1.1) 
where RA, RB and RO are the ionic radii of A and B site elements and oxygen, respectively. 
LaNiO3, LaMnO3, LaAlO3, and SrTiO3, which are presented next, belong to the class of 
perovskites. 
1.1.1 LaNiO3 
LaNiO3 (LNO) is an interesting perovskite oxide crystallizing in a three-dimensional nearly 
cubic structure with a small rhombohedral distortion (ß = 90.41°) [20-21]. It is reasonably 
well approximated by a pseudocubic cell with a = 0.3838 nm. The conduction band of LNO 
and other perovskite nickelates (RNiO3, where R is a rate earth) is formed by the overlap of 
the Ni 3d orbitals and the O 2p orbitals. This overlap is correlated with the ionic radii of the 
rare earths and influenced by temperature [22]. With decreasing temperatures, the NiO6 
octahedra buckles and the overlap reduces, which results in a metal-insulator transition in 
most perovskite nickelates [23-24]. However, LNO is the only member that remains metallic 
down to the lowest temperatures [25]. For this reason, LNO is an excellent candidate for use 
as an electrode in oxide electronics, in particular at low temperature. It has been reported that 
the fatigue property of ferroelectric lead zirconate titanate films is improved with LNO 
bottom electrodes [26]. 
LNO is lacking magnetic order in its bulk form. The Ni3+ ion has a low-spin 3d
7 
configuration with one electron in the higher-energy eg states. The conductivity of LNO is 
very sensitive to oxygen stoichiometry. Deficiency of oxygen during the fabrication process 
will lead to the creation of Ni2+ ions and deteriorate conductive properties. Several efforts 
have been undertaken to prepare LNO thin films by sputtering [27], PLD [28], molecular 
beam epitaxy [29], and chemical methods [30]. LNO in bulk and thin film form has been 
extensively studied in the past, showing metallic paramagnetism, MIT, and polar metallic 
behavior [31-33]. New properties can emerge in the LNO-based SLs by modifying the orbital, 




The LaMO3 (LMO) perovskite compound has attracted much attention due to its versatile 
electrical and magnetic properties, including colossal magnetoresistance and metal-insulator 
transitions (MIT). The crystal structure of LMO depends on stoichiometry, varying from 
orthorhombic (Pbnm) to rhombohedrally distorted cubic (Pm3m) to rhombohedral (R3c) as 
the oxygen content increases [35-36]. Stoichiometric LMO is a Mott insulator with a band gap 
of Eg = 1.1 eV and an electron affinity of 4.4 eV [37]. A cooperative Jahn-Teller distortion and 
orbital ordering result in type-A antiferromagnetic order with a Néel temperature of 140 K 
[38-39]. Mn3+ has a 3d4 electronic configuration with three electrons occupying the 
low-energy t2g states and one in the eg orbital. When grown as a thin film, La-deficient LMO 




LaAlO3 (LAO) is a band insulator with a wide band gap of 5.6 eV. The high relative dielectric 
constant of about 25 makes it well suitable for low loss microwave and dielectric resonance 
applications. Crystalline LAO undergoes a transition from a rhombohedrally distorted 
perovskite structure (R3c) to a cubic perovskite structure (Pm3m) at a temperature of about 
813 K [42]. The main structural difference between the rhombohedral and cubic phases is the 
rotation of AlO6 octahedra around one of the triad axes in the cubic phase [42]. 
It can be described as pseudocubic, with a lattice constant of 3.787 Å. Because of the 
good lattice match compared to many other perovskites, LAO single crystals are widely used 
as a substrate material or buffer layer for epitaxial growth of functional thin films, such as 
high-temperature superconductors, magnetic and ferroelectric films [43]. Twinning domains 
are present in LAO single crystal substrates which result in a roof- and valley-like buckling of 
the crystal surface at the twin-boundaries [44]. A Stepped surface can be obtained after 
annealing. The alternating [LaO]1+[AlO2]
1- charged planes are stacked along the [001] 
direction and the [LaO3]





SrTiO3 (STO) crystals are excellent and widely used single crystalline substrates for epitaxial 
growth of colossal magnetoresistance oxides and high-temperature superconductors. At room 
temperature it exists in cubic form (Pm3m) with a lattice constant of 3.905 Å, but transforms 
into the tetragonal structure at temperatures below 105 K. It exhibits a very large dielectric 
constant (300) at room temperature and low electric field. STO has an indirect band gap of 
3.25 eV and a direct band gap of 3.75 eV [45-46]. Oxygen vacancies are fairly common in 
STO crystals and thin films that introduce a shallow defect level near the conduction band. 
Either electron doping or hole doping can be realized by introducing oxygen vacancies or 
substituting Sc for Ti, respectively [47]. 
STO has been extensively studied as it was found to have superconductivity with a 
transition temperature below 300 mK in 1964 [48-49]. Recently, it has gained much attention 
since the discovery of a two dimensional electron gas present at the interface between the two 
insulators LAO and STO [50]. The two dimensional electron gas undergoes a superconducting 
transition with a maximum critical temperature of about 300 mK, which can be gate-tuned, 
allowing the superconducting state to be switched on and off [51-53]. Magnetic effects at the 
interface between these two non-magnetic oxides have been reported [54]. In addition, DFT 
including strong local interaction effects has predicted a Dirac-point Fermi surface in 
LAO/STO (111) quantum wells [55]. More recently, the LaCoO3/STO (111) SL was reported 
to be a Chern insulator with a nonzero Chern number and edge states [56]. 
 
1.2 Novel properties of LaNiO3-based Superlattices 
1.2.1 Possible Superconductivity in LaNiO3/LaAlO3 (001) Superlattices 
Superconductivity is a phenomenon of exactly zero electrical resistance and expulsion of 
magnetic flux fields occurring in certain materials when cooled below a characteristic critical 
temperature [1]. The complete microscopic theory of superconductivity, known as BCS theory, 
was proposed in 1957 by Bardeen, Cooper and Schrieffer [57]. This theory provided an 
extremely successful framework within which to understand conventional superconductors. 
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Since then, it was widely believed that the superconducting transition temperature of 
conventional superconductors could never exceed 30 K. In 1986, Bednorz et al. discovered 
high-temperature superconductivity in a lanthanum-based cuprate perovskite material, which 
had a transition temperature of 35 K [58]. It opened the door to new families of materials that 
previously could not be imagined and triggered a huge amount of investments during the past 
three decades [59]. 
Most of the known cuprate superconductors share a single feature - they are all based on 
a layered structure made up of one or more copper-oxygen planes [60]. On empirical grounds, 
the key electronic and structure elements that support high transition temperature values are 
well known as spin one-half, quasi 2D, no orbital degeneracy, and strong antiferromagnetic 
correlation [2]. LNO is a strongly correlated metallic oxide with spin one-half 3d electrons in 
Ni3+ ions. Bulk LNO has degenerate eg bands, but sandwiching a LNO layer between 
insulating layers, as shown in Figure 1.2, will form a quasi 2D structure and relieve the 
degeneracy [3]. In addition, the strong antiferromagnetic correlations were revealed in 
(001)-oriented LNO/LAO SLs with the magnitude of the antiferromagnetic coupling constant 
higher than that in cuprates [3]. Thus, the orbitally nondegenerate spin one-half electronic 
structure - as in cuprates - was theoretical predicted in the LNO-based SLs. 
Motivated by the above mentioned, promising theoretical prediction, several kinds of 
(001)-oriented LNO/LAO SLs were grown and studied, which will be shown in chapter 5. 
 
 
Figure 1.2 (a) Structure of (001)-oriented LNO/LAO SL with alternating NiO2 and AlO2 
planes. The local density-functional band structures of SLs without (b) and with (c) strain. 




1.2.2 Possible Topological Phase in LaNiO3/LaAlO3 (111) Superlattices 
TIs are materials with a bulk insulating gap, exhibiting quantum-Hall-like behavior in the 
absence of a magnetic field [4]. The quantum Hall effect is a quantum-mechanical version of 
the Hall effect in which the resistance is quantized as h/e2, that contains only fundamental 
constants, that is, Planck’s constant h and the electron charge e [61]. The observation of the 
quantum Hall effect usually requires low temperatures and strong magnetic fields [62]. In 
1988, Haldane proposed that electrons hopping on a honeycomb lattice could realize the 
quantum Hall effect in the absence of Landau levels [5]. Along this direction, a key theoretical 
advance was made by Kane et al. in 2005. They predicted that the ground state of a single 
plane of graphene exhibits a quantum spin Hall effect and has a nontrivial topological order 
that is robust against small perturbations [63-64]. Subsequently, Zhang et al. made a 
theoretical prediction that a 2D TI with quantized charge conductance along the edges could 
be realized in (Hg, Cd)Te quantum wells [65]. In 2007, the quantized charge conductance was 
indeed observed in this system, as a quantum-Hall-like plateau in a zero magnetic field [66]. 
The next important theoretical development, in 2006, was the discovery that the 
topological characterization of the quantum spin Hall insulator state has a natural 
generalization in three dimensions and coined the term “topological insulator” to describe this 
electronic phase [47, 67-70]. In 2008, Hsieh et al. reported the experimental discovery of the 
first 3D TI in Bi1-xSbx [71]. In 2009, second-generation TIs, including Bi2Se3, were identified 
experimentally with angle-resolved photoemission spectroscopy [72]. Until 2010, the material 
prediction and realization of TIs has been limited to narrow band-gap semiconductors based 
on Hg or Bi compounds. Xiao et al. first demonstrated the design principle for realizing 2D 
TIs in bilayers of perovskite-type TMOs grown along the [111] crystallographic axis [73]. The 
key idea is to start with a band structure that possessed “Dirac points” in the Brillouin zone 
without the spin-orbit coupling, and then to examine whether an energy gap can be opened at 
those points with the spin-orbital coupling turned on. An opening of the energy gap at these 
Dirac points combined with proper filling of the resulting states may result in a topologically 
conducting behavior [73]. 
The honeycomb lattice is well known to support semimetallic band structures, for 
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instance, in graphene [5, 63]. Considering bilayers of the ABO3 perovskite structure grown in 
the [111] direction, i.e. two LNO monolayers are sandwiched between band insulator layers of 
LAO, the B ions in the bilayer are located on a buckled honeycomb lattice as shown in Figure 
1.3 [6]. DFT studies have shown that eg electrons hopping on this honeycomb lattice give rise 
to a Dirac point in the Brillouin zone [7-8]. Allowing full lattice relaxation breaks the 
inversion symmetry Z2 and results in two inequivalent Ni sites which destroy the Dirac point 
by opening a gap at K and K´ [9]. The calculated band gap of bilayer LNO/LAO SLs is about 
60 meV and depends on the Coulomb interaction [9]. A set of broken-symmetry 2D ground 
states were predicted to exhibit properties including ferromagnetic Mott insulating, switchable 
multiferroic, parallel half-semimetallic 2D electron gases, and possibly topological phases [9]. 




Figure 1.3 (a) A structure scheme of perovskite nickelates RNiO3 (R is a rate-earth atom). (b) 
The (111) bilayer of RNiO3. Shown are the locations of the Ni ions. (c) Buckled honeycomb 
lattice formed in the bilayer. The figures were taken from Ref. [6]. 
 
1.3 Novel properties of LaMnO3-based Superlattices 
1.3.1 Possible Topological Magnetic Phase in LaMnO3 (111) Superlattices 
A Chern insulator is a species of TI with broken time reversal symmetry. It was defined 
as an insulator whose occupied bands carry a nonzero Chern number (C ≠ 0) [10]. A Chern 
insulator exhibits quantum anomalous Hall effect with a quantized, dissipationless transport 
from the chiral edge channels, in the absence of an external magnetic field and the magnetic 
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field-induced Landau levels [11]. The first successful experimental observation of quantum 
anomalous Hall effect was realized in Cr-doped (Bi, Sb)2Te3 around 30 mK in 2013 [74]. 
Meanwhile, issues related to bulk conduction and Cr doping inhomogeneities remain to be 
clarified [75-76]. For potential device application, it is important to find stoichiometric 
materials for the quantum anomalous Hall effect, and to increase the working temperature by 
increasing the topologically nontrivial band gap as well as the Curie temperature of magnetic 
moments [77]. 
The keys to realize Chern insulators are broken time reversal symmetry and spin-orbital 
coupling [12]. TMO heterostructures provide such a platform due to the strong spin-orbital 
coupling and electronic correlations. A (111) bilayer of perovskite LMO forms a buckled 
honeycomb lattice which can support the Dirac-cone-type band structure. A theory based on 
the first-principles calculation and tight-binding model revealed the Fermi energy of 
LMO/LaScO3 (111) SL just stays at the Dirac point [13]. Taking the spin-orbital coupling into 
account, band gaps appear at both K and Γ point as shown in Figure 1.4, rendering a 
topological insulating phase (Chern insulator) [13]. Doennig et al. designed (111)-oriented 
LMO/LAO SLs in which a Dirac semimetal, a Chern and a trivial Mott insulator can be tuned 
with interaction strength and lattice distortions [14]. In chapter 7, the experimental study of 
LMO/LAO SLs with different structures and orientations will be described. 
 
 
Figure 1.4 Band structure of the two-orbital model for honeycomb lattice without distortions. 
(a) Without spin-orbital coupling. (b) With spin-orbital coupling. The Chern number for each 
band is also shown. The figures were taken from Ref. [13]. 
17 
 
1.3.2 Exchange Bias in LaNiO3/LaMnO3 Superlattices 
EB is one of the phenomena associated with the exchange anisotropy created at the 
interface between an antiferromagnetic and a ferromagnetic material [15]. This anisotropy 
was discovered by Meiklejohn et al. in 1956 when they investigated Co particles surrounded 
by their native antiferromagnetic oxide [78]. Experimentally, EB are generally observed as a 
shift of the hysteresis loop on the field axis when the materials are cooled from a temperature 
below the Curie temperature of the ferromagnetic layer but above the respective Néel 
temperature of the antiferromagnetic layer [79]. This feature is of interest for applications in 
spin valves and magnetic tunnel junctions [80]. 
Recently, an interesting EB effect has been observed in SLs consisting of paramagnetic 
LNO and ferromagnetic LMO as shown in Figure 1.5 [16]. The EB disappears above 30 K, 
and it is not observed for SLs grown along the [001] direction. Two models based on charge 
transfer and quantum confinement induced magnetism are proposed to explain these 
phenomena [17, 81-82]. However, any single model cannot completely explain all the 
experimental results [83]. 
To verify the above theories and provide more experimental results for the improvement 
of the theory of EB, LNO/LMO SLs with different orientations will be studied in chapter 8. 
 
 
Figure 1.5 (a) Sketch of the atomic planes near an interface in a (111)-oriented LNO/LMO SL. 
(b) EB was observed from magnetization-field loops at 5 K. (c) The EB decreases on 





In this chapter, the main perovskite oxides used in the experiments have been introduced. In 
particular, these have been the possible quantum states in LaNiO3 - and LaMnO3 - based SLs. 
By designing and fabricating atomically abrupt artificial SLs, several interesting phenomena 




Chapter 2 Experimental Methods 
For a thorough study of fabrication, structural, morphological, electrical and magnetic 
properties of LaNiO3- and LaMnO3- based superlattices, several experimental methods were 
employed. The samples were grown by pulsed laser deposition (PLD) with in-situ reflection 
high-energy electron diffraction (RHEED). X-ray diffraction (XRD), X-ray reflectivity (XRR), 
reciprocal space map (RSM), atomic force microscopy (AFM), transmission electron 
microscope (TEM), energy dispersive X-ray (EDX), and X-ray photoelectron spectroscopy 
(XPS) were used for the study of the samples structure, morphology, and composition. 
Temperature-dependent electrical properties were investigated by Hall effect and resistivity 
measurements. Magnetic properties were determined by a superconducting quantum 
interferometer device (SQUID). Finally for the band structure measurements, the setup of 
angle resolved photoemission spectroscopy (ARPES) is presented. In the following, selected 
methods are discussed in detail. 
 
2.1 Pulsed Laser Deposition (PLD) 
2.1.1 Pulsed Laser Deposition System 
PLD is one of the most versatile growth techniques for oxide thin films and nanostructures. 
The use of lasers to deposit films has been known since the 1960s after the invention of the 
first ruby laser [84]. In general, the idea of PLD is simple. A pulsed laser beam is focused onto 
the surface of a solid target. The strong absorption of the electromagnetic radiation by the 
solid surface leads to rapid evaporation of the target materials. The evaporated material, 
consisting of highly excited and ionized species, is known as a laser-produced plasma plume 
and expands rapidly away from the target surface. The ablated material is collected on an 
appropriately placed substrate surface upon which it condenses and a thin film nucleates and 
grows [85]. 
The work on PLD in Leipzig started in 1989 in a laser-ionization mass spectrometer with 
Bi2Sr2Ca1Cu2O-films grown on Si(001) [86]. Several advanced PLD processes including 
large-area PLD of YBCO films, multistep PLD of heteroepitaxial ZnO films with 
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low-temperature buffer layers, high-pressure PLD growth of ZnO-based nanowires, 
continuous composition spreads for fast screening of novel alloys and mixing systems, and 
in-situ RHEED observation of monolayer oscillations were established, see Ref. [87] and 
references therein. Figure 2.1 shows the used self-constructed PLD chamber with a CO2-laser 
heater used for sample growth within this work. In this setup, a KrF Excimer laser (λ = 248 
nm, pulse width = 25 ns, maximum frequency = 50 Hz) is used. The high energy density laser 
pulses of about 600 mJ per pulse enter the chamber through a window and are focused on the 
target. The CO2 laser heater system is fitted to a PLD chamber equipped to heat the substrate. 
The substrate temperature is measured from the back side using an infrared pyrometer looking 
through a beam splitter. The vertically arranged ceramic substrate holder can be rotated to 
allow in-situ RHEED monitoring of the film growth with azimuthal alignment. An in-situ 
RHEED setup was used to monitor the growth process. 
In this work, two PLD systems were employed. One of the PLD systems named as 
B-chamber was used to growth large samples with a fixed size of 10 × 10 mm2. Another one 
is called as G-chamber which was used to growth small samples with size of around 5 × 5 
mm2. The experimental details will be described in chapter 3. 
 
 
Figure 2.1 (a) Photograph of the home-built multi-target PLD chamber equipped with CO2 
laser heater system form SURFACE, and with in-situ RHEED. (b) Sketch of the deposition 
chamber and the a-plane sapphire substrate at 1400°C in ceramic holder heated with the CO2 





2.1.2 Reflection High-Energy Electron Diffraction (RHEED) 
RHEED is a versatile analytical technique used to characterize thin films during growth due 
to its high sensitivity to surface structure and morphology of crystalline materials. In RHEED 
high energy electrons are back-diffracted when they intercept a solid surface at a grazing 
incidence less than 5°. As shown in Figure 2.2 (a), the surface of a cubic sample is presented 
in reciprocal space. This reciprocal lattice forms a quadratic array of atoms. When the incident 
electrons with a momentum of k0 have a very small incident angle with respect to the sample 
surface, they will only be scattered from the top layer of atoms of the sample. Assuming 
elastic scattering, no energy transfer is allowed from the electrons to the sample. So the 
scattered wave vector kij lies on the surface of the sphere of constant energy, the so-called 
Ewald sphere. If seen from the side as shown in Figure 2.2 (b), the two-dimensional array of 
the surface atoms turns into vertical lines, the reciprocal rods. Wherever these rods cross the 
Ewald sphere, the condition for constructive interference of the elastically scattered electron 
beams from the surface is fulfilled. Therefore, these crossing points in k-space determine the 
directions of constructive interference for the electrons in real space. These scattered electrons 
hit a fluorescent RHEED screen in certain RHEED spots, lying on so-called Laue circles 
whose number starts from zero. The characteristic RHEED pattern depends on the 
morphology and roughness of the sample surface. Therefore, RHEED is a powerful tool for 
in-situ analysis in thin film deposition [89-91]. 
For our RHEED experiments we use an electron source (EK350R2-P, STAIB 
Instruments) capable of producing a beam with a smallest attainable focus spot between 40 
μm and 5 mm, depending on the working distance. The acceleration voltage and filament 
heating current were set to 30 kV and 1.4 A, respectively. The diffraction pattern on a 
phosphor screen is recorded by a computer controlled CCD camera. A K-space software (KSA 





Figure 2.2 Sketch of the RHEED. (a) and (b) are top and side view of sample surface in 
reciprocal space, respectively.  
 
2.1.3 Two-dimensional Epitaxial Growth 
This section attempts to provide a brief description of epitaxial growth, primary growth 
modes, in particularly 2D layer-by-layer growth and real-time monitoring using RHEED. 
Epitaxial growth refers to the formation of a single crystal film on the top of a single 
crystal substrate and subsequent evolution of a specific crystallographic orientation 
relationship between the film and the substrate as growth commences [92]. The specific 
orientation relationship is governed by the crystal systems and lattice parameters of the two 
materials. The growth of epitaxial thin films on a single crystal surface depends critically on 
the interaction strength between adatoms and the surface. As shown in Figure 2.3, there are 
three primary growth modes: Volmer-Weber mode (3D nucleation growth), Frank-van der 
Merwe mode (layer by layer growth), and Stranski-Krastanov mode (mixed growth mode). In 
Volmer-Weber growth, the interaction between adatoms is stronger than their bonding to the 
substrate, leading to the formation of 3D adatom clusters or islands [93]. In contrast, in 
Frank-van der Merwe growth, the bonding between adatoms is weak. This results in the 
smallest nuclei extent on the substrate surface in two dimensions and one monolayer forms 
before significant clusters are developed on the next monolayer [94]. Stranski-Krastanov 
growth mode lies between the two above mentioned growth modes, i.e. the growth changes 
from 2D-monolayer to 3D-island after the formation of a few monolayers [95]. This is 
believed to happen at a critical layer thickness and to be related to the stress impact after 2D 
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growth [96]. Another important growth mode, named step flow mode, is found when deposit 
film on a high miscut substrate. In this mode, atoms are absorbed on the surface and move to 
a step edge before nucleation an island.  
 
 
Figure 2.3 Side view of the three primary growth modes: (a) Volmer-Weber mode (3D island 
growth). (b) Frank-van der Merwe mode (layer-by-layer growth). (c) Stranski-Krastanov 
mode (layer-plus-island growth). 
 
 
Figure 2.4 (a)-(d) RHEED patterns from different kinds of surfaces. (e) Sketch of the 




The surface morphology can be analyzed by RHEED patterns. Several typical RHEED 
patterns from different kinds of surfaces are shown in Figure 2.4 (a)-(d). Figure 2.4 (a) 
presents RHEED diffraction pattern with sharp circular spots from a nearly ideal smooth layer 
or substrate. The elliptic points in Figure 2.4 (b) indicate a smooth surface with a high density 
of atomic steps which depends on the miscut of the substrate. Figure 2.4 (c) is the 
transmission diffraction pattern through 3D clusters on the surface. Instead of sharp spots, the 
concentric circular pattern in Figure 2.4 (d) is obtained by diffraction from a polycrystalline or 
textured surface. 
Figure 2.4 (e) shows the formation of a single complete layer and the evolution of the 
RHEED oscillations in the intensity of a specular beam during 2D epitaxial growth. Θ is the 
fractional layer coverage. There is a maximum intensity for the initial smooth surfaces with θ 
= 0. The intensity decreases and reaches a minimum point when the growing layer is 
approximately half complete. Afterwards intensity increases until it reaches the maximum 
point, which indicates the completion of one monolayer. It is worth to mention that, in the real 
growth process, nucleation on top of 2D islands starts before the completion of a monolayer 
and leads to a roughening of the surface exhibited by the damping of the RHEED intensity 
oscillations. Accordingly, the deposition of different kinds of materials, i.e., heterostructure 
SLs, the mobility of adatoms at a given pressure and the temperature are limitations which 
cause a multilevel 2D growth mode. To impose a single-level 2D growth mode, a growth 
method known as pulsed laser interval deposition was developed. It is based on a periodic 
sequence: fast deposition of the amount of material needed to complete one monolayer 
followed by an interval in which no deposition takes place and the film can reorganize [97-99]. 









2.2 X-ray Measurements (XRD and XRR) 
X-rays are an electromagnetic radiation with wavelengths in the range of 0.01 - 10 Å which is 
in the same order of magnitude as the interatomic distances in solids and widely used to study 
the structure of materials. In this part we introduce two X-ray measurement techniques, XRD 
and XRR. The basic idea behind these techniques is to diffract or reflect a beam of X-rays and 
then measure the intensity of diffracted or reflected X-rays. The crystallographic information 
on crystal sizes, orientation relationships, and lattice constants can be obtained by XRD 
measurements including 2θ-ω-scan, φ-scan, and RSM. XRR is used to analyze thin film or SL 
parameters including thickness, density, and surface or interface roughness. 
 
2.2.1 XRD 2θ-ω-scan 
Consider a crystal built up by parallel planes of ions with a space distance of d. Bragg 
diffraction occurs when the Bragg condition is fulfilled. As shown in Figure 2.5, imagine an 
X-ray beam of wavelength λ incident on the crystal at an angle θ with respect to equidistant 
hkl lattice-planes. Constructive interference will be observed for X-rays that are reflected 
from the lattice planes at the specular angle, if the path length difference between X-rays 
scattered from different hkl-planes is an integer times the wavelength. This condition is called 
Bragg condition and is summarized in the Bragg law: [100] 
 𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin(𝜃). (2.1) 
2θ-ω-scans allow to determine the interplanar distance d by scanning crystalline samples 
in search of interference peaks. In the 2θ-ω-scan the crystal is rotated around the ω axis, while 
the detector is simultaneously rotated with twice the angular velocity. In this way, only 
diffracting planes which are parallel to the sample surface are detected. The relation between 












Figure 2.5 Sketch of reflection of X-ray from lattice planes with spaced distance d (hkl). 
 
2.2.2 XRD φ-scan 
In-plane orientation can be established by φ-scan. The sample and the detector were 
previously set to the Bragg angle of a specific lattice plane and kept constant while the sample 
is rotated around the φ-axis. By performing a φ-scan of 360°, several reflections can be 
observed, which are depending on the symmetry of the samples. The detailed in-plane 
symmetries and rotation domains were discussed in Ref. [102]. 
 
2.2.3 Reciprocal Space Map (RSM) 
The scan mode mapping a two-dimensional region of reciprocal space is known as RSM. It is 
a powerful technique for the study of the structural characterization of epitaxial films and SLs. 
From RSMs, we can obtain the information about lattice constant, strain, and defects of the 
measured samples. RSM scans usually measure scattered X-ray intensity as a function of θ 
and ω. The scan mode is in the following way: first a plot of scattered X-ray intensity as a 
function of Ω is performed, then a 2θ-ω-scan mode is employed without changing Ω, then Ω 
is changed by a small angle and the 2θ-ω-scan is repeated and so on. Finally we can obtain a 
series of 2θ-ω-scans with different Ω. The data can be conversed from angular to reciprocal 
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lattice units by:  
 𝑞|| = 𝑅𝐸𝑤𝑎𝑙𝑑 ∙ (cos(𝜔) − cos(2𝜃 − 𝜔)); (2.3) 
 𝑞⊥ = 𝑅𝐸𝑤𝑎𝑙𝑑 ∙ (sin(𝜔) + sin(2𝜃 − 𝜔)), (2.4) 
where 𝑅𝐸𝑤𝑎𝑙𝑑 is the radius of the Ewald sphere. The Data Collector provides two options for 
the Ewald sphere radius. These are 1/λ (λ is the wavelength of X-ray) and 1/2. These 
correspond to the two options: 
(i) Reciprocal lattice units = 1/d; 
(ii) Reciprocal lattice units =λ/2d. 
The reciprocal lattice point for a reflection with planes d apart is plotted at 1/d from the origin 
for the first option and λ/2d from the origin for the second option. Thus, the lattice constant 
can be calculated by determining the components q|| and 𝑞⊥ of the peak center [103]. 
 
2.2.4 X-ray Reflectivity (XRR) 
Since the refractive index of a material is slightly less than 1, when X-rays enter the surface of 
a flat sample at a glazing angle, the X-rays perform a total reflection. Measuring the total 
reflectivity as a function of the incident angle with respect to the sample yields a XRR curve. 
The relation between the profile of the XRR and the structure parameters is shown in Figure 
2.6. The oscillation period depends on the film thickness, and the thicker the film, the shorter 
the period of the oscillations. The amplitude of the oscillation depends on the difference 
between the densities of the film and its substrate, the larger the difference in the film 
densities, the higher the amplitude of the oscillation [104]. The decreasing of the amplitude of 
the oscillation depends on the surface and interface roughness of the films, and larger 
roughness leads to a rapid decrease. 
Before measurement, sample alignment is required. The alignment contains the 
following steps: (i) scan with the detector without sample to align 2θ to incident X-ray beam. 
(ii) move the sample towards the path of X-ray to block half of incident beam. (iii) perform a 




Figure 2.6 Relation between the profile of the XRR and the structure parameters. The curve is 
the measured reflectivity of a LAO thin film on a STO substrate. 
 
Two XRD setups were employed in our experiments. The crystalline structure and 
orientation of the samples were analyzed by XRD with Cu-Kα radiation and a 
Bragg-Brentano goniometer with focusing beam optics and a secondary graphite 
monochromator to ensure a very low background signal. The wave length of Cu-Kα1 is 
0.15406 nm. For the XRD φ-scan, the high-resolution four-circle Eulerian cradle of the 
Philips X’Pert was used. RSM and XRR were recorded with a PANalytical X’Pert PRO MRD 
using Cu-Kα radiation form a parabolic mirror and a PIXcel3D multichannel detector. For the 
RSM, the incident beam optics are divergence slit (1/8°) and soller slit (0.04°). The diffracted 
beam optics we used is only the soller slit (0.04°). For XRR, the divergence slit was changed 
to 1/32° and a parallel plate collimator of 0.27° was used. In order to obtain a higher intensity, 
we removed the monochromator. Thus, Cu-Kα2 is always visible in the XRD patterns. The 
measurements were performed with X-ray tube settings of 40 kV and 30 mA for Philips 





2.3 Atomic Force Microscopy (AFM) 
AFM is a type of scanning probe microscopy and allows measuring the topographic features 
of sample surfaces down to atomic resolution. It consists in a tip positioned at the end of a 
cantilever and an optical system using a low power laser to detect the deflection of the 
cantilever. When the tip is brought into the proximity of a sample surface, forces between the 
tip and the sample lead to a deflection of the cantilever according to Hooke’s law [105]. When 
the tip moves over the sample surface, the laser deviations visualize the topography of the 
surface. 
AFM measurements in our experiments were performed on a Park System XE-150 
microscope with a silicon tip and cantilever in dynamic non-contact mode. In this mode, the 
distance between tip and sample surface is very small such that van der Waals forces act on 
the cantilever. This leads to the changes in both the amplitude and the phase of the cantilever 
vibration. These changes are monitored by a Z-servo system feedback loop to control the tip 
sample distance. From the correlated changes in the cantilever vibrations the topography can 
be extracted. 
 
2.4 Transmission Electron Microscopy (TEM) and Energy Dispersive 
X-ray Spectroscopy (EDX) 
TEM is a microscopy technique in which a beam of electrons is transmitted through an 
ultra-thin specimen. An image is formed from the interaction of the electrons transmitted 
through the specimen. STEM is a type of TEM used for the analysis and imaging of micro- 
and nanostructures. In STEM the beam is scanned over the sample in a raster and interacts 
with the surface. Multiple signals can be detected including secondary electrons, auger 
electrons, backscattered electrons, transmission electrons, and characteristic X-ray. Some 
desired signals are collected to form an image of the near-surface topography, composition 
and possibly electronic nature [106]. 
EDX is a valuable tool for qualitative element analysis. It allows a fast and 
non-destructive chemical analysis with a spatial resolution in the micrometer regime. It is 
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based on the spectral analysis of the characteristic X-ray radiation emitted from the sample 
atoms after excitation by the focused high-energy electron beam of a STEM. 
In our experiments, TEM was done at 300 kV using a FEI Tecnai G2 F20 in Center for 
Applied Microstructure Diagnostics at Fraunhofer-Institut für Mikrostruktur von Werkstoffen 
und Systemen (IMWS). The STEM and EDX mappings taken with a field emission scanning 
electron microscope FEI NOVA Nanolab 200 were used to confirm the structure and thickness 
of the SLs. 
 
2.5 Temperature-Dependent Resistivity Measurements 
 
Figure 2.7 Configuration to measure the Hall resistivity (a) and (b) and Hall coefficient (c) 
with the van der Pauw method. 
 
Temperature dependent resistivity measurement was carried out using a self-built setup with a 
magnetic field of 0.43 T. A Keithley 6221 DC and AC current source, with a current range 
from 0.1 pA to 105 mA was used. The signal is detected with a Keithley 2000 multimeter. The 
Model 22 CTI Cryodyne Refrigerator system with model 8200 Compressor supplies a lowest 
temperature of 15 K. The temperature is controlled by a LakeShore 335 two-channel 
temperature controller which delivers a total output of 75 W of low noise heater power. The 
sample size is limited by the sample holder to a square with 1 cm side length. For thin films 
and SLs typically the van der Pauw geometry and method is used. 
As shown in Figure 2.7, four contacts are placed on the edges of the sample, whose area 
is small compared to the sample area. If a current IAB is applied between contacts A and B, a 
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where 𝑑 is the thickness of the sample and 𝑓𝑣𝑑𝑃 is the correction term depending on the 
resistance ratio of 𝑅𝐴𝐵,𝐶𝐷 and 𝑅𝐵𝐶,𝐷𝐴 [107-108]. The Hall coefficient is calculated from the 




∙ ∆𝑅𝐴𝐶,𝐵𝐷 , (2.8) 
with ∆𝑅𝐴𝐶,𝐵𝐷 = 𝑅𝐴𝐶,𝐵𝐷(𝐵𝑧 = 0) − 𝑅𝐴𝐶,𝐵𝐷(𝐵𝑧 ≠ 0) [109]. The carrier concentration n and 
Hall mobility 𝜇𝐻 are obtained via 
 𝑛 = |
1
𝑒 ∙ 𝑅𝐻 ∙ 𝑑
| ; (2.9) 
 





2.6 Superconducting Quantum Interference Device (SQUID) 
SQUID is one of the most effective and sensitive ways of measuring magnetic properties. In 
particular, it is the only method which allows to directly determine the overall magnetic 
moment of a sample in absolute units. The basic working principle is based on the physical 
phenomena of flux quantization and Josephson tunneling [110-111]. Flux quantization 
requires that the magnetic flux enclosed by a superconducting loop be quantized in units of 
the flux quantum [112]. The Josephson tunneling is a phenomenon that the Cooper pairs could 
coherently tunnel through an insulating barrier between two superconducting metals [113]. 
The SQUID consists of two superconductors separated by thin insulating layers to form two 
parallel Josephson junctions. If a constant biasing current is maintained in the SQUID device, 
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the measured voltage oscillates with the changes in phase at the two junctions, which depends 
upon the change in the magnetic flux. Counting the oscillations allows evaluating the flux 
change which has occurred.  
We performed SQUID measurements in cooperation with the group of Pablo Esquinazi 
in our institute. The commercial SQUID magnetometer system from Quantum Design 
MPMS-7 is used. The sample is located at the center of a superconducting solenoid producing 
magnetic fields up to 7 Tesla. The working temperature range is between 1.7 and 300 K. The 
sensitivity of the system is 10-7 emu. Common uses of this equipment include field sweeps, 
hysteresis loops, and zero-field cool measurements. 
 
2.7 X-ray Photoelectron Spectroscopy (XPS) and Angle Resolved 
Photoemission Spectroscopy (ARPES) 
XPS is a surface-sensitive quantitative spectroscopic technique that measures the elemental 
composition of a material. ARPES is a direct experimental technique to observe the Fermi 
surface and underlying electronic structure of crystals. Photoelectron spectroscopy is based on 
the photoelectric effect. If the surface of a crystal is irradiated by monochromatic light of a 
certain energy, it will emit electrons with different kinetic energy in different directions. The 
flux of electrons as a function of energy is called photoemission spectrum (XPS), and, when 
the angle of emission is resolved, it is called ARPES spectrum [114]. 
In our experiments, XPS measurements were carried out at room temperature with a VG 
Escalab 220i XL using Al Kα (1486.6 eV) radiation. 
The spin-resolved ARPES measurements were done by Prof. Dr. Oliver Rader in the 
Humboldt Center Berlin. This facility features a Specs Phoibos 150 electron energy analyser, 
equipped with a Mott detector for 2 channel spin detection. It has an additional array of 6 
channeltrons for spin-integrated detection. The system is equipped with a 5-axis manipulator 
(translation + polar and azimuthal rotation) and has built-in magnetization coils. The pressure 




Chapter 3 Sample Preparation 
This chapter will present the experimental details in the work of this thesis for the preparation 
of the LaNiO3 - and LaMnO3 - based SLs. First it will start with the preparation of targets by 
solid-state reaction of high-purity powders. Secondly I will present the method used to obtain 
atomically flat, single-terminated substrates. Thirdly the PLD parameters for the SL growth 
are given. Finally the contact preparation is presented. 
 
3.1 Target Preparation 
3.1.1 LaNiO3 Targets 
To fabricate a stoichiometric LNO target (La:Ni =1:1), we mixed high-purity (4N) La2O3 
(from Laborchemie Apolda) and NiO (from Berlin Chemie) powder with a molar ratio of 1:2 
and grinded for 30 min using Fritsch Pulverisette 6 Planetary Mono Ball Mill. Subsequently, 
the mixed powder is pressed into a pellet with a diameter of 28 mm and sintered using a tube 
furnace. During sintering of LNO targets, several possible solid-state reactions may occur as 
following: 
 2𝐿𝑎2𝑂3 + 4𝑁𝑖𝑂 + 𝑂2
800°𝐶
→   4𝐿𝑎𝑁𝑖𝑂3, (3.1) 
 4𝐿𝑎𝑁𝑖𝑂3
1200°𝐶
→    2𝐿𝑎2𝑁𝑖𝑂4 + 2𝑁𝑖𝑂 + 𝑂2. (3.2) 
The chemical constitution and hardness of the target are very important for the PLD. 
Three LNO targets were sintered under different temperatures as shown in Figure 3.1 (a). 
Target I was sintered under a temperature of 1000°C. Besides the diffraction peak with 
asterisks from the NiO, all other diffraction peaks can be ascribed to LaNiO3 (JCPDS card 
33-0710). In contrast, when the sintering temperature is above 1200°C, as indicated by XRD 
patterns of Target II and III, La2NiO4 phases (JCPDS card 34-0314) were formed. This is due 
to the thermodynamically stable phases of La2NiO4 - LaNiO3 system is decreases with 
valence states of Ni increasing [115]. However, as shown in Figure 3.1 (b) and Table 3.1, all 
the thin films deposited on STO (001) have a main phase of perovskite LNO with atoms ratio 
of La to Ni between 1.01 and 1.03. This result indicates that the La and Ni atoms were 
selectively adsorbed on the substrates and have formed oriented films. The relative height of 
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the NiO peak to the substrate in sample G4884 indicates more NiO phase in the films when 
using Target III. SEM images of the surface morphology of LNO thin films are shown in 
Figure 3.1 (c)-(e). Big droplets and holes formed on the surface of sample G4866, which is 
due to the bad hardness of Target I. The root mean square (rms) roughness is 3.83 nm which 
was measured in an area of 3 × 3 μm. With increasing sintering temperature, the targets 
hardness increases and leads to a smooth film surface. Thus, in the follow-up experiments, 
Target II will be used for a smooth sample surface and less NiO impure phase. 
 
Table 3.1 Comparison of LNO targets and thin films deposited on STO (001) substrates using 













I 800 12 G4866 1.01 3.83 
II 1300 12 G4889 1.02 1.43 
III 1500 12 G4884 1.03 1.31 
 
 
Figure 3.1. XRD 2θ-ω-scans of LNO targets (a) and LNO thin films deposited on STO (001) 
(b). The symbol * indicates NiO peaks. (c-e) are top view SEM images of the LNO thin films. 
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3.2.2 Other Targets 
LMO targets were prepared through a similar solid-state reaction method. High-purity (4N) 
La2O3 (from Laborchemie Apolda) and MnO (from Alfa Aesar) powder were mixed and 
pressed into a pellet and then sintered at 1300°C in air for 6 hours. LAO targets were bought 
from a commercial company. These two targets are compact and hard enough for PLD. 
Stoichiometric, single phase, droplet-free, and pinhole-free LMO and LAO thin films were 
obtained. 
 
3.2 Substrate Preparation 
LAO (from Crystal GmbH and Alineason GmbH), STO (from Crystal GmbH), Nb-doped 
STO (STO:Nb, from CrysTec GmbH), and (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT, from CrysTec 
GmbH and Alineason GmbH) single crystals with (001), (111) and (011) orientations were 
used as substrates. Before deposition, substrates were annealed in order to obtain a terraced 
surface with monolayer steps. The terraces width is related to the surface miscut of the 
substrates and can be determined by means of the XRD. The surface morphology of the 
substrates after annealing was checked by AFM. 
3.2.1 Miscut 
The miscut is the angular deviation of the substrate surface with respect to a determined 
crystallographic plane and defined as an angle (𝛾) for an azimuthally specified substrate 
position. The angular deviation is evaluated by determining two components 𝛾0,180 
and 𝛾90,270, perpendicular to each other [116]. As shown in Figure 3.2, θ-scans of the STO 
(002) peak were done with four φ angles. One of the components is calculated from two 
opposite azimuthal positions from the relation: [116] 




The second component 𝛾90,270 is calculated in the same way for azimuths of 90° and 
270°. The relation between angular deviation γ and its two components is: 




Figure 3.2. The X-ray diffractions of θ-scans of STO (002) peak with four φ angles. 
 
For very small angles, it can be approximated by: 
 𝛾2 = (𝛾0,180)2+(𝛾90,270)2. (3.5) 
The relationship between terrace width (L), terrace height (H), and miscut is: 
 𝐿 = 𝐻/𝑡𝑎𝑛 (𝛾). (3.6) 
 
3.2.2 Etching and Annealing 
The crystal structure of ABO3 perovskites consists of alternating AO and BO2 (or AO3 and B) 
planes along [001] (or [111]) direction. Both terminations can coexist and balance, depending 
on their relative surface energy [117-118]. In order to obtain an atomically flat 
single-terminated surface, combined chemical etching and thermal annealing were employed. 
Taking the STO (001) and STO (111) substrates as an example, we first clean the surface 
using the distilled water with a ultrasonic cleaner. We then immerse the substrates into the HF 
solution in which the SrO or SrO3 planes are selective etched through the formation of an 
intermediate Sr-hydroxide complex [119]. Subsequently, we clean the substrates using the 
distilled water to remove the residual HF solution. Finally, the substrates are dried under 
nitrogen and annealed in a cube furnace. 
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Table 3.2 Optimized annealing parameters for the substrates to have an atomically flat 
terraced surface and its typical roughness after annealing. 










LAO (001) 1100 2 - Air 1013 0.145 
STO (001) 1100 2 HF Air 1013 0.122 
LSAT (001) 1050 10 - Air 1013 0.214 
LAO (111) 1400 1 - Air 1013 0.163 
STO (111) 900 2 HF O2 800 0.168 
STO:Nb (111) 900 2 HF O2 800 0.143 
STO (011) 900 2 - O2 800 0.192 
 
Selective etching method can also be used for other kinds of substrates, i.e. LAO. The 
LaO or LaO3 layers can be dissolved in strong alkali, thus a single-terminated surface was 
obtained by etching the LAO substrate with a NaOH solution [120]. 
Different kinds of substrates require different annealing temperatures to restructure their 
surface. In addition, the annealing time is determined by the miscut of the substrate: smaller 
miscuts require a longer time to form a complete step. To realize 2D growth with monitoring 
by RHEED, only substrates with miscut below 0.15° were used for the experiments. The 
substrates were annealed in a temperature range from 900 °C to 1400 °C with a time range 
from 1 hour to 10 hours. The optimized anneal parameters for the substrates to have an 
atomically flat terraced surface are listed in Table 3.2. The surface roughness is in between 
0.122 and 0.214 nm, which is below one unit cell height. 
3.2.3 Morphology 
The surface morphology of substrates was analyzed by AFM after annealing. As shown in 
Figure 3.3, the substrates show a smooth terraced structure with surface steps that are of 
monolayer height. Two line scans show the average step height of about 0.37 nm and 0.22 nm, 
corresponding to the value of a monolayer LAO along [001] direction and STO:Nb along [111] 
direction. Features of half monolayer height were not observed which indicates these 
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substrates are single-termination. This terraced geometry remains the same over a complete 
substrate area of 10 × 10 mm2. During the annealing process the step ledges of the substrate 
change from rough (i.e. Figure 3.3 (e)) to straight due to atomic diffusion. By the comparison 
of the measured terrace width with the miscut, the annealing parameters were optimized. 
 
 
Figure 3.3 (a-f) Typical AFM images of different kinds of substrates after annealing. (g, h) 
The line scan shows steps heights of LAO (001) (g) and STO:Nb (111) (h). Straight red lines 





3.3 Growth and Annealing 
Sample growth was done in a vacuum chamber in PLD (B- and G-chamber). The substrate 
temperature in the B-chamber can be controlled from 300 to 1500 °C and can be accurately 
determined. However for the G-chamber, the substrate temperature was estimated by heater 
power and monitored by the temperature of the radiative heater, i.e. a heater power of 700 W 
corresponds to about 720 °C. The laser enters the chamber through a rectangular mask. The 
mask area can be adjusted to control the growth rate of samples. The distance between target 
and substrate are fixed to 10 cm in G-chamber and 6 cm in B-chamber, respectively. 
Before deposition, the surface layers of the targets were removed by applying 50000 
laser pulses on the rotating targets. The oxygen pressure used in these experiments is between 
0.5 and 1 × 10-4 mbar. For the growth of single films, 300 laser pulses with a frequency of 1 
Hz were first applied to create a nucleation layer on the substrate. Subsequently, the pulse 
frequency was increased to 15 Hz to complete the growth of films with a higher growth rate. 
In contrast, the frequency was fixed to 1 Hz during the growth process of SLs to suppress the 
coarsening of the nucleus. 
Table 3.3 and 3.4 summarized the growth rates of investigated materials using G- and B- 
chamber, respectively. The growth rate depends on the growth orientations, oxygen pressures, 
and laser mask areas. In addition, the growth rate decreases after dozens of depositions due to 
the consumption of targets. 
After deposition, samples were annealed in a 800 mbar oxygen atmosphere at 720 °C for 
15-60 min to improve the quality of samples and to reduce the inherent oxygen deficit of 










Table 3.3 Growth rates of investigated materials with different orientations and oxygen 
pressure in the G-chamber. The laser mask was fixed to 24 × 10 mm2. The thickness of one 
monolayer along (001), (111), and (011) are around 0.38, 0.22, and 0.27 nm, respectively. The 
microstructure and thickness information was obtained by fitting XRR curves and double 





Number of pulses 
for one monolayer 
LAO (001) 0.0003 20 
LAO (111) 0.0003 14 
LAO (111) 0.05 31 
LAO (011) 0.0003 20 
LNO (001) 0.05 30 
LNO (111) 0.05 16 
LNO (011) 0.05 22 
LMO (001) 0.0003 33 
LMO (111) 0.0003 14 
LMO (111) 0.05 19 
LMO (011) 0.0003 20 
 
Table 3.4 Influence of laser mask areas and oxygen pressures on the growth rates of 
investigated materials. The materials listed in this table were grown along [001] direction in 
the B-chamber. 
 




Number of pulses 
for one unit cell 
LAO 10 × 4 0.0001 69 
LAO 15 × 4 0.0001 41 
LAO 20 × 8 0.0001 13 
LAO 20 × 8 0.05 28 
LNO 20 × 8 0.05 30 




3.4 Gold Contacts and Wires 
For the measurement of electronic transport properties, gold contacts were made by DC 
sputtering. Samples were placed in a vacuum chamber which was filled with Argon. The 
sputtering was done under a pressure of 0.02 mbar. A power of 60 W was applied and 
continued for 80 s. The position of the contacts was determined by a shadow mask with van 
der Pauw geometry. For the validity of the van der Pauw method, the sample should be 
connected and smooth. In addition, the contacts have to be placed at the edge of the samples. 
In order to reduce errors in the calculation, the contact area has to be at least an order of 
magnitude smaller than the area of the entire sample. After the contacts were made, gold wires 
are affixed with silver paste. Then, samples were heated to 90 °C and kept at this temperature 
for 30 min for the solidification of silver paste. 
 
3.5 Summary 
This chapter presented the experiment details for the preparation of SLs. Compacted and hard 
targets were prepared. Substrates with a terraced monolayer surface structure were obtained 
by etching and annealing. Single films and SLs were deposited and optimized by adjusting 
PLD parameters. Gold contacts and gold wires were sputtered in the van der Pauw geometry 






















Chapter 4 LaNiO3 (001) thin films 
4.1 Introduction 
As mentioned in Chapter 1, LNO- based SLs have attracted significant attention as they may 
exhibit interface-related novel properties that are not present in either of the constituent 
materials. For the better understanding of the role of LNO in the SLs, it is necessary to study 
first the crystal and electronic structure of LNO single films. As shown in Refs. [25, 122], the 
conductivity of LNO depends on the oxygen pressure during growth which affects the valence 
state of Ni. However, the valence state of Ni is thermodynamically unstable. The strain in the 
film is neglected in Refs. [25, 122] which, however, also has an impact on the conductivity. 
Therefore, studying the influence of growth conditions on the strain and correlated electrical 
properties is interesting. 
In this chapter, we report on the heteroepitaxial growth of LNO films by PLD. The effect 
of the substrate material, oxygen partial pressure, and growth temperature on the crystal 
structure and electrical properties are studied in detail. XRD measurements show well-defined 
out-of-plane and in-plane orientation of the films, i.e., epitaxy. The c-axis parameter is tunable 
via the used substrate material, oxygen partial pressure and growth temperature, see Figure 
4.2. These results, combined with resistance measurements, reveal the relationship between 
out-of-plane (c-axis) strain and electrical conductivity of LNO films. Furthermore, the 
intrinsic conductivity mechanisms of the LNO films are explored in detail by appropriate 
modeling. 
 
4.2 Thickness and Surface Morphology 
For measurements of thickness, chemical composition, and surface topography, SEM, EDX, 
and AFM were employed, respectively. The LNO films are smooth, crack-free, and 
pinhole-free as shown in Figure 4.1. The film thickness is about 560 nm and was determined 
from a cross-sectional SEM micrograph as shown in Figure 4.1 (a). Chemical analysis of the 
film was performed by taking EDX spectra from the top surface. The atomic composition 
ratio of La and Ni is 1.02, i.e., very close to the stoichiometric bulk ratio. The AFM surface 
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image and a line scan of a typical LNO film is depicted in Figure 4.1 (b) and (c). The rms 
value of the surface roughness, extracted from the 3 × 3 μm2 AFM scans is 1.94 nm. The line 
scan shows height profile of a LNO film. 
 
4.3 Strain Engineering of LaNiO3 (001) Films 
The effect of growth parameters on the crystalline phase, crystal structure, and epitaxy of the 
LNO films were investigated by various XRD analyses (2θ-ω-scans and φ-scans). Table 4.1 
gives a summary of the growth parameters of the investigated films, together with structural 
information, as further discussed below. Figure 4.2 illustrated the c-axis parameter and the 
corresponding c-axis strain of LNO films deposited under the indicated parameter ranges. 
 
 
Figure 4.1 (a) SEM cross-sectional view of a LNO film deposited on a STO (001) substrate at 
0.05 mbar and 720 °C, for estimation of a typical film thickness. (b) Typical non-contact AFM 
image of a LNO film surface on LAO substrate (scan area 3 × 3 μm2). (c) A height profile 






Figure 4.2 Covered range of c-axis parameter and the corresponding c-axis strain of LNO 
films deposited under the indicated parameter ranges. The figure was taken from Ref. [123]. 
 
Table 4.1 Summary of growth conditions and structural characteristics of the considered LNO 
films. The incident X-ray wavelength is 0.15406 nm. The c-axis parameter was calculated 
from the (002) peaks of the wide-angle XRD scans. The FWHM of (002) film peak was 
obtained from 2θ-ω-scans. The rms roughness was extracted from the 3 × 3 μm2 AFM scans. 






















G4889 STO 0.05 720 0.3816(2) 0.21 2.12 
G4896 LSAT 0.05 720 0.3816(2) 0.30 2.69 
G4809 LAO 0.05 720 0.3849(2) 0.15 1.94 
G4867 LAO 0.2 720 0.3832(2) 0.17 2.64 
G4907 LAO 0.5 720 0.3827(2) 0.09 2.69 
G4899 LAO 0.05 640 0.3847(2) 0.15 2.12 




4.3.1 Substrate Series 
Figure 4.3 (a) shows wide-angle 2θ-ω-scans of the LNO films deposited on LAO, LSAT, and 
STO substrates. The oxygen pressure and growth temperature are set to 0.05 mbar and 720 °C, 
respectively. The most intense peaks stem from the corresponding substrates. The LNO peaks 
appearing close to the substrate peak indicate a certain out-of-plane orientation. The LNO 
films are strained depending on the substrate as can be seen in Figure 4.3 (b). 
 
 
Figure 4.3 (a) Wide-angle XRD 2θ-ω-scans of PLD grown (001) oriented LNO films on the 
indicated substrate materials. (b) Zoom-in on the (002) reflections seen in (a). The most 
intense peaks stem from the corresponding substrates. (c), (d) and (e) show typical XRD 
φ-scans of asymmetric LNO (110), LAO (110), LSAT (110), and STO (110) reflexes as 




The epitaxial nature of the LNO films were confirmed by the in-plane alignment with 
respect to the major axes of the substrates through XRD φ-scans of the (110) reflections. As 
shown in the Figure 4.3 (c), both LNO film and LAO substrates show four equally spaced 
peaks which are separated by 90°. The fourfold symmetry is clearly evident, indicating a 
cube-on-cube epitaxial growth of LNO films. The epitaxial relations are out-of-plane 
LNO[001] || LAO[001] and in-plane LNO[110] || LAO[110]. LNO epitaxy on LSAT and STO 
substrates show similar epitaxial relations to that of LNO on LAO as shown in Figure 4.3 (d) 
and (e). 
The c-axis, i.e., out-of-plane lattice parameters of the LNO films were calculated form 
the symmetric LNO (002) XRD peak positions. For an accurate calculation, we take the (002) 
peak of the substrates as reference for the LNO c-axis parameter. The Bragg angle θ of LNO 
(002) can be accurately determined as follows: [124] 
 𝜃𝐿𝑁𝑂 (002) = 𝜃𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (002) − ∆𝜃, (4.1) 
where 𝜃𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (002) is the theoretical value (taken from standard JCPDS card 84-0444 for 
STO, 75-8477 for LSAT, and 73-3684 for LAO) of the Bragg angle for the (002) substrate 
peak and ∆𝜃 is the Bragg angle difference between LNO (002) peak and substrate (002) peak 
in experimental diffraction pattern. The c-axis parameter for LNO was determined by: 
 𝑐 = 2𝑑, (4.2) 
for a cubic unit cell, where d is the lattice spacing. The detailed data are listed in Table 4.1. To 
allow a clear identification of individual samples, the original sample numbers are given in 
Table 4.1 and in some of the figures in this Chapter. 
The LNO films deposited on the STO and LSAT substrates show smaller c-axis lattice 
parameters compared to bulk LNO. This is explained by the presence of tensile strain in the 
in-plane lattice matched LNO films. The film on LAO shows, however, a larger c-axis lattice 
parameter with somewhat different strain mechanism as discussed below. When compared to 
LNO films grown under the same conditions, films deposited on LAO show a higher crystal 
quality and smoother surface with a FWHM of the (002) peak and rms roughness being 0.15° 




4.3.2 Pressure and Temperature Series 
Apart from the control of epitaxial strain due to in-plane lattice match by using different 
substrate materials, we additionally control the c-axis lattice parameter of LNO films on LAO 
by variation of the oxygen growth pressure, see Figure 4.4 and Table 4.1. Figure 4.4 shows 
details of the 2θ-ω-scans around the LAO (002) peak for films deposited at different oxygen 
pressures and growth temperatures. As the oxygen pressure decreases from 0.5 to 0.05 mbar 
the c-axis parameter increases from 0.3827(2) to 0.3849(2) nm. The corresponding c-axis 





where 𝑐𝑏𝑢𝑙𝑘 is the lattice constant of bulk LNO (JCPDS card 33-0710). The calculated c-axis 
strain changes from negative to positive. In addition, the c-axis parameter of LNO films 
deposited under 0.2 mbar is about 0.3832(2) nm, which is very close to the strain-free bulk 
lattice constant. In contrast to the above-explained epitaxial strain, we consider this oxygen 




Figure 4.4 XRD 2θ-ω-scans of LNO films grown at the indicated oxygen pressure and 




With decreasing growth temperature from 720 to 530 °C, the c-axis parameter decreases 
from 0.3849(2) to 0.3842(2) nm, respectively. However, when the temperature is as low as 
530 °C, the LNO film shows a lower crystal quality with reduced relative intensity of the 
XRD (002) peak (Figure 4.4). This fact is due to the low mobility of atoms at the film surface 
during PLD at such low growth temperatures [125]. 
 
4.3.3 Influence of Annealing Time on the c-axis Parameter 
Figure 4.5 give a comparison of the c-axis parameter of films annealed at different times. 
After deposition, all samples were annealed in-situ under 800 mbar oxygen pressure for 15 
min. It is worth mentioning that Ni ions occupy the Ni3+ state when the oxygen pressure is 
above 0.04 mbar during deposition [25]. Furthermore, no significant shift of the LNO (002) 
XRD peak was observed when we prolonged the annealing time, see Figure 4.5. This 
indicates that the c-axis parameter is independent on the oxygen nonstoichiometry. 
 
 
Figure 4.5 Comparison of XRD 2θ-ω-scans of LNO films annealed in 800 mbar oxygen at the 





4.3.4 Evolution of c-axis Parameter and Twin Domains 
A more detailed investigation of the film structure was performed using XRD RSMs. Figure 
4.6 depicts RSMs around the symmetric (002) and asymmetric (-114) reflections of the 
substrates as indicated. The horizontal broadening of film peaks is much higher than that of 
the corresponding substrate peaks, which is due to the higher tilt mosaicity of films. The 
in-plane lattice match of the 560 nm thick LNO film deposited on STO (001) is clearly 
confirmed by the vertical alignment of (-114) film and STO substrate peaks.  
 
 
Figure 4.6 XRD RSMs of LNO films around the symmetric (002) (a, c) and asymmetric (-114) 
(b, d) reflexes, grown on STO (001) (a, b), and LAO (001) (c, d) substrates. Film thickness 





For the LNO grown on LAO, we have to deal with two separated film reflections as 
shown in Figure 4.6 (c) and (d). A reasonable explanation of this peak separation is the 
formation of tilted domains, which leads to the twin domain peaks in Figure 4.6 (c) and (d). A 
similar twin occurrence was found for lanthanum strontium manganite (LSMO) films in Ref. 
[126]. Our LNO films consist of two different crystalline domains with two main tilt angles 
around the surface normal of the films. From the splitting of the twinned LNO peaks in Figure 
5 (c), we determined the twin angle of the 560 nm thick LNO film to be 0.435°. This value is 
in good agreement with Ref. [126] where the maximum twin angle seems to saturate around 
0.5° for LSMO film thickness above 100 nm. The lateral size of the twins, i.e., the twin length, 
should be above 40 unit cells, according to Ref. [126]. 
 
 
Figure 4.7 (a) XRD 2θ-ω-scans of PLD grown (001) oriented LNO films at 0.05 mbar and 
720 °C with indicated thickness. (b, c) XRD RSMs around the asymmetric (-103) reflexes of 
LNO films on LAO (001) with thickness of 40 nm (b) and 130 nm (c). The figures were taken 
from Ref. [123]. 
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To obtain further insight into the strain and twins, we changed the thickness of LNO 
films on the LAO substrates. As shown in Figure 4.7 (a), the dashed lines indicate a clear 
jump in the film peak positions, i.e. the c-axis lattice constants, in between 80 and 130 nm 
film thickness. This is most probably a sign for the change from in-plane lattice-matched to 
relaxed films. Figure 4.7 (b) shows the RSM around the asymmetric (-103) reflexes of a 40 
nm thick LNO film on LAO (001). We deduce perfect in-plane lattice match with a single 
(-103) film peak without splitting or intensity separation. The partial relaxation of films by 
formation of the twin domains begins when the LNO thickness is at least above 40 nm. The 
slight vertical deviation of the center of the split LNO peak from the LAO substrate peak 
indicates, in addition, a partial relaxation of the film unit cells, i.e., thick LNO films are not 
completely in-plane lattice matched, as is visible in Figure 4.6 (d) and Figure 4.7(c). 
 
4.4 Electrical Characteristics of LaNiO3 (001) Films 
 
Figure 4.8 Temperature-dependent resistivity of LNO films grown with the indicated PLD 
parameters plotted in log-log scale. The curves are model fits with the given equations. For 




The resistivity of the as-deposited LNO films as a function of the temperature was measured 
by a four terminal transport method in van der Pauw geometry. As shown in Figure 4.8, the 
typical ρ(T) curve displays a monotonic decrease of resistivity with decreasing temperature, 
which confirms metallic behavior in agreement with Refs. [127-128]. 
At high temperatures (above 100 K), the resistivity is linearly proportional to the 
temperature due to dominant electron-phonon (el-ph) scattering. The slope A is obtained by 
fitting the data with 𝜌 = 𝐴𝑇 + 𝑎 shown as red solid lines in Figure 4.8. The el-ph coupling λ 











where ℏ𝜔𝑝 is the plasmon energy (≈1 eV) and 𝑘𝐵 is the Boltzmann constant. The values of 
λ of our samples range between 0.19 (1) and 0.95 (5) (see Table 4.2), which is in a reasonable 
range compared with other reported values of 0.14 [30] and 1 [130]. 
At low temperatures (below 60 K), the resistivity is proportional to the square of 
temperature due to electron-electron (el-el) scattering. The data are fitted by 𝜌 = 𝐵𝑇2 + 𝑏 as 





where 𝛾 is the electronic specific heat coefficient of LNO (13.8 mJ mol-1 K-2 [132]). The 
calculated values are listed in Table 4.2, where a0 = 10 μΩ cm mol
2 K2 J-2. Compared with 
fully relaxed films [122], the larger 𝛾𝑘𝑤 values indicate a weaker el-el interaction in our 
strained films. However, the film deposited at 0.2 mbar oxygen pressure does not follow a 
square dependence below 60 K. Instead, the exponent is 1.2 which is close to 1 indicating that 
the influence of el-ph scattering is still remarkable. The transition from el-ph to el-el 
scattering dominated conductivity is between 100 and 60 K. Resistivity of the LNO film 
grown at 0.2 mbar was about 300 μΩ cm at room temperature. A low resistivity indicates 
nearly stoichiometric oxygen content. According to Refs. [25, 122], oxygen vacancies can 
lead to the creation of Ni2+ ions and increase the resistivity of LNO films. However, in our 
work, the resistivity of LNO films deposited at 0.5 mbar is higher than that grown at 0.2 mbar. 
This indicates that there exists another factor to influence the resistivity. 
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Table 4.2 Characteristics of the LNO films: resistivity ρ (T = 300 K), electron-phonon 
coupling constant λ, and Kadowaki-Woods ratio 𝛾𝑘𝑤. The table was taken from Ref. [123]. 
Sample no. ρ (μΩ cm) λ 𝛾𝑘𝑤 (a0) 
G4889 1640 0.91(5) 17.17(1) 
G4807 702 0.39(1) 9.02(1) 
G4809 522 0.27(1) 4.72(1) 
G4899 390 0.19(1) 3.47(1) 
G4867 315 0.20(1) - 
 
 
Figure 4.9 Electrical resistivity of LNO films as a function of c-axis strain (see Fig. 4.2) for 
the indicated measurement temperatures. Negative strain increases resistivity much more than 
positive strain. The figure was taken from Ref. [123]. 
 
The resistivity of LNO films is plotted as a function of the c-axis strain in Figure 4.9. It 
is found that low c-axis strain leads to a low resistivity at different measurement temperatures, 
i.e., sample G4867 exhibits the highest conductivity together with lowest strain. In addition, 
the resistivity of the positively strained sample G4809 is smaller than that of the negatively 
strained sample G4807, although the absolute values of strain are almost the same. A possible 
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reason for the enhancement of resistivity with negative c-axis strain could be a slight 




In this Chapter, strain engineered heteroepitaxial LNO films with good out-of-plane 
crystalline orientation and in-plane epitaxial relationship have been grown by PLD on 
(001)-oriented STO, LSAT, and LAO single crystalline substrates. XRD data show the c-axis 
lattice parameter of LNO films to be controlled by adjusting substrate material, oxygen partial 
pressure, and substrate temperature during PLD growth. The surface of the films was 
reasonably smooth with rms roughness down to 0.35 nm. Temperature-dependent resistivity 
reveals that all films have an excellent metallic conductivity. In correlation to out-of-plane 
(c-axis) strain, it was found that the resistivity increases with increasing strain in both positive 
and negative direction. The sample grown at 0.2 mbar with 0.16% negative strain shows a low 
resistivity of about 300 μΩ cm at room temperature. Thus, epitaxial LNO films can serve as 
excellent conductive layers in thin film heterostructures. The results also provide guidance for 
the growth of strain engineered LNO films with controlled conductivity. In the next Chapter, 
these single LNO films are developed further into LNO/LAO multilayers which show 






Chapter 5 LaNiO3/LaAlO3 (001) Superlattices 
5.1 Introduction 
Band structure calculations predict dramatic changes in the electronic and magnetic properties 
for LNO-based SLs, including the possibility of high-temperature superconducting, Mott 
insulating, and topological insulating phases. However, little experimental work has been 
performed up to now to verify these theoretical predictions. The related experimental works 
are reviewed as following: 
In 2008, K. Tsubouchi et al. reported epitaxial growth control of LNO (001) films using 
PLD with in situ RHEED [25]. Layer-by-layer growth was identified by intensity oscillations 
of the RHEED specular spot during deposition. The LNO films are metallic with uniform Ni3+ 
oxidation state and maintain an atomically flat surface. R. Scherwitzl et al. grew ultrathin 
LNO films by off-axis rf magnetron sputtering and investigated transport behavior of these 
single LNO films [32]. J. Son et al. fabricated SLs composed of 4 unit cells (u.c.) of LNO and 
3 u.c. of STO [133]. The conductivity of SLs was enhanced compared to single LNO layers of 
the same thickness due to electron tunneling through the STO barrier. J. Liu et al. reported 
epitaxial growth of [LNO(1 u.c.)/LAO(1 u.c.)] SLs on polar LAO (001) and non-polar STO 
(001) substrate by interval PLD [134]. The influence of polar mismatch on the electronic and 
structural properties of SLs were studied in detail. More recently, ab initio cluster calculations 
together with absorption spectra were used to study the quantum confinement of Mott 
electrons in [LNO(n u.c.)/LAO(3 u.c.)] SLs [135]. Furthermore, electronic phase transitions in 
LNO superlattices were studied by optical ellipsometry and low-energy muon spin rotation 
[136]. Collective metal-insulator and antiferromagnetic transitions were observed as a 
function of temperature in systems with decreasing dimensionality [136]. In their experiment 
(Ref. [136]), SrTiO3 and LaSrAlO4 single crystals are used as substrates. However, the effect 
of the substrate on the electrical sample properties is not clear. Oxygen vacancies in SrTiO3 
may result in a conducting interface, and degradation or dissolution of LaSrAlO4 cannot be 
excluded because it is a deliquescent material. 
In this Chapter, based on our former work on single LNO films (see chapter 4), we 
realize the epitaxial growth of  [LNOm/LAOn]10 SLs (m and n indicate the number of unit 
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cells, respectively, thereafter referred to as [m/n]10) and the corresponding single layers. These 
SLs are deposited on (001)-oriented LAO, STO, and LSAT substrates which induce high 
compressive (-1.27 %), high tensile (1.74 %), and small tensile (0.78 %) strain, respectively. 
By lowering the dimensionality of the LNO layers in the SLs from 3D to 2D, a 
metal-insulator transition depending on the confinement is observed. The intrinsic 
conductivity mechanisms around the transition are discussed by means of appropriate 
modeling for the different dimensionalities. 
 
5.2 LaAlO3 (001) Single Films 
Figure 5.1 (a) shows the intensity of the RHEED specular (0,0) spot during LAO growth at an 
oxygen pressure of 3 × 10-4 mbar. The 2D layer-by-layer growth is indicated by the 
oscillations for the first few LAO monolayers. The damping of the oscillations denotes the 
beginning of the formation of multi-level steps [137]. The sharp RHEED patterns with clear 
Kikuchi lines in the inset of Figure 5.1 (a) confirm an atomically flat film surface. It is worth 
to mention that streaky RHEED patterns were observed during the growth of LNO films and 
LNO/LAO SLs as shown in Figure 5.1 (b) and (c). The thickness of LAO and LNO thin films 




Figure 5.1 (a) RHEED oscillations of 14 monolayers LAO of 0.395 nm grown 
homoepitaxially on LAO (001) substrate. The insets are in-situ RHEED patterns before and 
after deposition. (b, c) RHEED patterns of 2 nm thin LNO film (b) and [5/5]10 SL (c) 




Figure 5.2 (a) Wide-angle XRD 2θ-ω-scan of PLD grown LAO film on LAO (001) substrate. 
(b) XRD 2θ-ω-scans around (002) reflexes of annealed LAO substrate and thin films with 
thickness from 2.8 to 600 nm. (c) AFM images of LAO substrate and thin films with indicated 
thickness. Figure (b) and (c) were adapted from Ref. [138]. 
 
Figure 5.2 (a) shows a wide-angle XRD 2θ-ω-scan of a LAO film deposited on LAO 
(001) substrate. Besides the diffraction peaks with asterisks from the substrate, all other 
diffraction peaks can be ascribed to the LAO film and prove their phase purity. Figure 5.2 (b) 
shows XRD 2θ-ω-scans through the (002) symmetric reflections of LAO substrates and LAO 
films with variable thickness, but otherwise identical PLD parameters. All LAO films have 
consistent out-of-plane lattice constant which is independent of thickness. As shown in the 
AFM images in Figure 5.2 (c), the LAO films have smooth surfaces with rms roughness 




Figure 5.3 XRD RSMs of LAO films around symmetric (002) (a, d) and asymmetric (-103) (b) 
and (-114) (c) reflexes, grown on STO (001) (a-c) and LAO (001) (d) substrates. 
 
Figure 5.3 displays RSMs around the symmetric (002) and asymmetric (-103) and (-114) 
reflections of substrates as indicated. The double-peak structure of substrate reflection refers 
to Kα1/2 splitting of incident X-ray parallel beam. The in-plane lattice match of LAO films 
deposited on STO is clearly confirmed by the vertical alignment of (-103) and (-114) film and 
STO substrate peaks as shown in Figure 5.3 (b) and (c). The sharp peaks of the films indicate 
their high crystalline quality. When comparing Figure 5.3 (a) and (d), the LAO film deposited 
on LAO substrate exhibits pronounced horizontal and vertical peak broadening due to 







5.3 LaNiO3/LaAlO3 (001) Superlattices 
5.3.1 Structure and Morphology 
 
Figure 5.4 (a) Wide-angle XRD 2θ-ω-scans of [5/5]10 SLs on (001)-oriented LSAT, STO, and 
LAO substrates. (b) Zoom-in on the (001) reflections of SL on LSAT substrate seen in (a). 
The inset shows the corresponding XRR measurement and model fit. Figure (b) was adapted 
from Ref. [138]. 
 
The structure and orientation of SLs were examined by wide-angle XRD, XRR, and RSMs. 
Figure 5.4 (a) shows wide-angle 2θ-ω-scans of the [5/5]10 SLs deposited on (001)-oriented 
LSAT, STO, and LAO substrates. The crystal structure and out-of-plane epitaxial relations of 
SLs are similar to that of single films on the substrates. Figure 5.4 (b) is the zoom-in 
2θ-ω-scan of the SL on a LSAT substrate. The main peak of the SL appears close to the LSAT 
substrate peak indicated by the black XRD pattern. Moreover, satellite peaks up to third order 
are observed which indicate smooth interfaces between the LAO and the LNO layers. From 
the distance between adjacent satellite peaks, the thickness of one LNO/LAO double layer is 
estimated to be 4.00 ± 0.03 nm, which is fully consistent with our design of 5 unit cells LAO 
and 5 unit cells LNO. 
In addition, XRR was used to determine more precisely the SL structure, thickness and 
interfacial roughness as shown in the inset of Figure 5.4 (b). The strong oscillation arising 
from the difference in mass densities of LNO and LAO, indicates abrupt interfaces. The single 
layer thickness of LAO and LNO are 2 ± 0.01 nm and 2 ± 0.02 nm, and interfacial roughness 
is in between 0.37 and 0.54 nm, i.e. in the range of one monolayer. For comparison, an 
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interface roughness around 1 unit cell was also estimated in supplemental information of Ref. 
[136] from their XRR analysis. Interface quality of all samples used here in this work is 
expected to be very similar, as we conclude from surface roughness measured by AFM. 
Figure 5.5 shows RSMs around the symmetric (002) and asymmetric (-103) STO and 
LSAT substrate peaks. The out-of-plane orientation can be determined from RSMs around the 
symmetric (002) reflections as shown in Figure 5.5 (a) and (c). From the vertical alignment of 
the SLs and substrate peaks, the in-plane lattice match can be deduced. Figure 5.5 (b) and (d) 
clearly reveals that the in-plane lattice parameter of the SLs is identical to that of the 
substrates, indicating that the SLs are coherently grown on the single-crystalline STO and 
LSAT substrates. For LAO substrate, we could confirm pseudomorphic, i.e. lattice matched 
growth as well. However, the intensity of SL peaks on LAO is much lower due to higher tilt 
mosaicity similarly as for single films. 
 
 
Figure 5.5 XRD RSMs of [5/5]10 SLs around the symmetric (002) (a, c) and asymmetric (-114) 




5.3.2 Temperature-Dependent Electrical Characteristics 
 
Figure 5.6 Temperature-dependent sheet resistances of single LNO films and LNO/LAO SLs 
with indicated thickness down to 3 unit cells. All samples are deposited on LAO which 
induces in-plane compressive strain in LNO films and SLs. The horizontal black dotted line 
corresponds to 25.8 kΩ/□, the quantum of resistance in 2D state. The figure was adapted from 
Ref. [138]. 
 
Table 5.1 Electrical characteristics of the single LNO films with decreasing thickness:  
resistivity ρ, el-ph coupling constant λ, carriers mean free path l (at 300 K) and 











40 159 97(2) 32.7(1) 0.64(1) 
2 298 148(2) 17.4(3) 0.33(3) 
1.2 602 255(2) 8.6(1) 0.21(1) 
 
Figure 5.6 displays in-plane sheet resistance of LNO single films and SLs deposited on LAO 
substrates as a function of temperature for decreasing LNO layer thickness down to 1.2 nm, 
i.e. three monolayers. All LNO single films show metallic conductivity in the measured 
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temperature range from less than 50 K to 300 K. The modeling of conductivity of thick LNO 
films has been discussed in the Chapter 4 and Ref. [123]. 
In the following we discuss the extension of Ref. [123] to lower LNO thickness. At 
temperatures above 100 K, ρ(T) follows the linear relation 𝜌 = 𝐴𝑇 + 𝑎 as shown in Figure 
5.7 (a). Such a behavior of ρ is related to electron-phonon (el-ph) scattering. The el-ph 
coupling λ can be estimated from the slope of the resistivity using Equation (4.4). The mean 




2 , (5.1) 
where 𝜈𝐹 is the Fermi velocity (about 1.05 × 10
-7 cm s-1 for LNO). The mean free path 
decreases with decreasing thickness as can be seen in Table 5.1. 
 
 
Figure 5.7 (a) Temperature-dependent resistivity of single LNO films with indicated thickness. 
(b) Resistivity ρ as a function of T2 of single LNO films, in the temperature range from 45 K 







The deviation from linear relation at low temperatures (below 67 K) is due to the 
electron-electron (el-el) Coulomb interaction that is related to 3d electrons [122]. The data are 
fitted by 𝜌 = 𝐵𝑇2 + 𝑏 as shown in Figure 5.7 (b). The Kadowaki-Woods ratio 𝛾𝑘𝑤  is 
calculated using Equation (4.5) and listed in Table 5.1. 
Interestingly, the dependence of resistivity of the SLs with temperature is drastically 
changed. With decreasing thickness of LNO layers in the SLs, a metal-insulator transition 
occurs at m = 5. The difference in resistivity can be as large as seven orders of magnitude. 
This feature emphasizes the significance of size effects on the electric transport of oxide SLs, 
and indicates changing conductivity mechanisms, which will be discussed in the following. 
Assuming that the weak scattering theory for conductivity (according to Boltzmann transport) 





where 𝑘𝐹 is the wave number of electrons on the Fermi surface and l is the mean free path. 
Ioffe and Regel point out that 𝑘𝐹𝑙 cannot be significantly less than unity [141]. If 𝑘𝐹𝑙 is 
close to unity, the MIT is expected. In this case, the maximum sheet resistance of a metallic 
conductor approaches h/e2 ≈ 25.8 kΩ/□ (≙ kΩ/m2), which is the quantum of resistance in 2D 
state [32]. As can be seen in Figure 5.6, the sheet resistivity of a [10/5]10 SL is much lower 
than the critical value (h/e2), and metallic behavior is found at all temperatures. When the 
sheet resistivity is close to h/e2, the [5/5]10 SL undergoes a transformation from metallic to 
insulating state. In contrast, the [3/4]10 SL which is considered to be insulating shows a strong 
increase in resistance with decreasing temperature [138]. 
In order to clarify the intrinsic conductivity mechanism of the SLs for different LNO 
thicknesses, the temperature-dependent resistivity is fitted by appropriate models. We like to 
mention again that for thick metallic LNO films the resistivity is proportional to the square of 
temperature at low temperatures [122, 123]. However, the resistivity of [10/5]10 SLs is well 
described by ρ = ρ0 + BT
3/2 as shown in Figure 5.8, which is attributed to scattering of the 
Fermi liquid electrons to form bond-length fluctuations [142]. This phenomenon is associated 
with strong-correlation fluctuations and indicates enhanced electronic correlations in the 
quantum confinement regime [133, 142]. Similar behavior has been observed in 
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[LNO/SrMnO3] SLs [143]. 
The [5/5]10 SL shows insulating behavior at low temperatures with the transition 
temperature from metallic to insulating at about 180 K as shown in the inset of Figure 5.6. 
This MIT phenomenon is related to the weak localization effect where quantum interference 
of electronic waves diffusing around impurities enhances backscattering and leads to a 
reduction of the conductivity [22]. As shown in Figure 5.9, the 2D zero-field conductivity 
shows a logarithmic increase as temperature increases: [144] 







where σ0 is the Drude conductivity and p is an index depending on the scattering mechanism. 
If the main inelastic relaxation mechanism is due to el-el collisions, p = 1, whereas el-ph 
scattering gives p = 3. Figure 5.9 shows the sheet conductance as a function of ln(T). Linear 
fitting of our data yield a slope of 9.8 ± 0.1 μS. The calculated value of p is 0.9 ± 0.01 which 




Figure 5.8 Temperature-dependent resistivity of [10/5]10 SL as a function of T
3/2. The figure 




Figure 5.9 Sheet conductance versus the logarithm of temperature ln(T) for the [5/5]10 SL. 
The figure was adapted from Ref. [138]. 
 
 
Figure 5.10 Logarithm of conductance log() as a function of 1/T1/3 of the [3/5]10 SL. The 
figure was adapted from Ref. [138]. 
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Figure 5.10 shows the sheet conductance of the [3/5]10 SL as a function of temperature. 
Variable range hopping (VRH) transport has been observed in both ultrathin LNO films and 
[LNO/SrMnO3] SLs [32, 143]. At low temperatures, electrons hop between localized states 
and the sheet conductance is given by: [145] 






For d-dimensional systems, the exponent  = 1/ (d + 1). The 2D VRH equation fits the low 
temperature data from 23 to 130 K well as can be seen in Figure 5.10. The slope and T0 value 
obtained by fitting the resistivity curve are 50.1 ± 0.2 and (1.26 ± 0.01) × 105 K, respectively. 
Large deviations exist if we fit the data with a 3D expression, this indicates that coupling of 
the LNO layers through the 5 unit cells thick LAO layers is largely suppressed. Therefore a 





where 𝑁(𝐸𝐹) is the density of localized states at the Fermi level and a is the localization 
length. Assuming that the Fermi energy lies in the range of the localized states and 𝑁(𝐸𝐹) 
values are on the same order of magnitude within several 𝑘𝐵𝑇, we can make a rough 








Thus, the calculated 𝑁(𝐸𝐹) and localization length a of our [5/5]10 SL are 1.02 × 10
21 eV-1 
and 0.35 Å, respectively. 
According to the VRH theory, the mean hopping distance Rhop must be larger than the 











The ratio of Rhop/a is larger than 2.49 within the temperature range, which satisfies the 











The ratio of Ehop/kB is also larger than 1 even at 300 K, which verifies once more the validity 
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of the 2D VRH mechanism [138]. 
 
5.4 Summary 
In summary, we have demonstrated epitaxial and lattice matched growth of single LAO and 
LNO films and superlattices with controlled single layer thickness down to three monolayers. 
The observation of RHEED oscillations during deposition proves the two-dimensional 
layer-by-layer growth process. The sharp RHEED patterns and atomic force microscopy 
images confirm an atomically flat surface. XRD reciprocal space maps reveal the in-plane 
lattice match of the superlattices to the substrates. X-ray reflectivity data with strong 
oscillations indicates abrupt interfaces of SLs with interfacial roughness in the order of one 
unit cell. A clear quantum confinement effect on the electronic properties including a 
metal-insulator transition of the LNO/LAO SLs is demonstrated for decreasing LNO 
thickness. Single LNO films and SLs with LNO thickness of 10 unit cells show metallic 
behavior at all temperatures. The SL with 5 unit cells thick LNO shows a metal-insulator 
transition due to the quantum interference of electronic waves. Strong localization appears 
when the LNO thickness of superlattices is reduced to 3 unit cells and 2D variable range 
hopping is the dominant conduction mechanism. The experimental findings and the modeling 
clearly demonstrate that dimensionality at the atomic scale is a key parameter to control the 
electronic structure in oxide superlattices, thus opening possibilities for design and control of 







Chapter 6 LaNiO3/LaAlO3 (111) Superlattices 
6.1 Introduction 
Controlling the band structure of transition metal oxides by designing artificial superlattices 
has provided a way to explore quantum states at the interfaces. Particularly interesting in this 
respect are LNO-based superlattices. Recently, topological conductivity has been predicted 
theoretically in LNO (111) - based superlattices. In so called (111)-oriented bilayer LNO SLs, 
i.e. two LNO monolayers are sandwiched between band insulator layers of LAO, the Ni ions 
form a buckled honeycomb lattice which gives rise to a Dirac point in the Brillouin zone [6-8]. 
As predicted by density functional theory calculations, an opening of the energy gap at these 
Dirac points combined with proper filling of the resulting states may result in a topologically 
conducting behavior [9, 73]. 
Experimental work is so far mostly focused to (001)-oriented LNO/LAO SLs which can 
be grown with high precision on different substrates. In contrast, very little experimental 
effort has been directed to (111)-oriented substrates due to the polar layer growth along [111] 
direction. The strong polar planes can have a significant effect on the growth and may lead to 
a surface reconstruction [150]. In 2012, Middey et al. reported the synthesis of LNO/LAO 
heterostructures with 2/m monolayers, respectively, on mixed-terminated LAO(111) substrates 
[151]. Instead of the predicted Dirac-point semimetallic behavior, an activated transport was 
observed.  
Motivated by the above mentioned, promising theoretical predictions [9, 73], together 
with recent experimental progress in epitaxial growth of LNO-based films and SLs [123, 138] 
(see chapter 5), we present here (111)-oriented [LNOm / LAOn]l SLs (m and n indicate the 
number of unit cells, respectively, thereafter referred to as [m/n]l). The stacking periodicity is 
repeated l times to adjust the total superlattice thickness. The SL structure is schematically 
illustrated in the inset of Figure 6.5. The SLs are deposited using PLD with a KrF excimer 
laser, see Ref. [84] and articles therein. Two sintered stoichiometric LNO and LAO pellets are 
used as PLD targets. As substrates, we chose (111)-oriented LAO, STO and STO:Nb single 
crystals. Both LAO and STO are strongly polar and consist of alternations of LaO3
3−Al3+ or 
SrO3
4−Ti4+ charged planes, respectively, which are stacked along the [111] direction. The 
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PLD growth is performed at temperatures of about 720°C at an oxygen pressure of 0.05 mbar. 
After deposition, samples are annealed in-situ in 800 mbar oxygen for 15 min. A DC sputter 
coater with a designed shadow mask is applied to deposit 80 nm thin gold contacts. 
 
6.2 LaAlO3 (111) Single Films 
 
Figure 6.1 (a) Wide-angle XRD 2θ-ω-scans of LAO films grown at the indicated oxygen 
pressure on LAO (111) substrates. (b) Zoom-in on the (111) reflections seen in (a). (c) AFM 
images of LAO films with indicated oxygen pressure.  
 
Typical XRD 2θ-ω-scans of a series of LAO single films grown on LAO (111) at oxygen 
partial pressures as indicated are displayed in Figure 6.1 (a) and (b). The sharp peaks of the 
LAO films indicate its high crystalline quality. The treble-peak structure (also exist in Figure 
6.3) may be introduced by the substrates which were bought from Alineason GmbH. In 
contrast, double-peak structure related to Kα1 and Kα2 was observed for the substrates that 
were bought from Crystal GmbH (see Figure 6.5). The surface roughness is measured by 
AFM to be below 0.2 nm as shown in Figure 6.1 (c). Figure 6.2 shows RSMs around the 
symmetric (111) and (321) LAO substrate peaks, together with LAO single films grown with 
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two different oxygen partial pressures. The in-plane lattice match is confirmed by the perfect 
vertical alignment of the (321) substrate and film peaks. When the oxygen pressure is above 
0.01 mbar, the intensity of film peak decreased dramatically. In this case, the thickness and 
roughness determination was performed by XRR as shown in Figure 6.2 (e). 
 
 
Figure 6.2 XRD RSMs around the symmetric (111) (a, c) and asymmetric (321) (b, d) 
reflections of LAO single films grown at 0.0001 mbar (a, b) and 0.0003 mbar (c, d) oxygen 
partial pressure. The RSMs (b, d) show regular film thickness oscillations. (e) Typical XRR 
curve and model fit of LAO (111) film grown at 0.05 mbar oxygen pressure. 
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6.3 LaNiO3 (111) Single Films 
 
Figure 6.3 (a) Wide-angle XRD 2θ-ω-scans of LNO films grown at the indicated oxygen 
pressure on the LAO (111) substrate. (b) Zoom-in on the (111) reflections seen in (a). (c) 
AFM images of LNO films with indicated oxygen pressure. 
 
Figure 6.3 (a) and (b) show XRD 2θ-ω-scans of LNO single films grown at oxygen pressure 
of 0.5, 0.2, and 0.05 mbar on LAO (111) substrate. All LNO films show a pure phase and a 
single (111) orientation. The surface morphology was performed by AFM scans as shown in 
Figure 6.3 (c). The LNO film grown at 0.5 mbar has a rough surface with a roughness of 
10.76 nm. With decreasing oxygen pressure during growth, the surface roughness decreases to 
1.03 (0.2 mbar) and 1.02 nm (0.05 mbar). 
Figure 6.4 (a) shows XRD 2θ-ω-scan of the LNO film with a thickness of about 400 nm 
deposited on STO (111) substrate. The high (111) peak of LNO indicates the proper 
out-of-plane orientation without any detectable impurity phase. The broadening of the LNO 




Figure 6.4 (a) Wide-angle XRD 2θ-ω-scan of a LNO single film grown at 0.05 mbar on STO 
(111) substrate. (b) The typical XRD φ-scans of the LNO (110) and STO (110) reflexes. (c, d) 
XRD RSMs of LNO film around the symmetric STO (111) and asymmetric STO (321) peaks 
measured with Kradiation. (e) XRR curve and model fit of LNO (111) film deposited 







The φ-scan was carried out to investigate the in-plane epitaxial relationship of the LNO 
film to the STO (111) substrate. Three equally spaced peaks separated by 120° can be 
observed in the inset of Figure 6.4 (b). A threefold symmetry axis is clearly evident, 
corresponding to the rhombohedral and cubic structure of LNO film and STO substrate, 
respectively. This confirms the epitaxial relations LNO [111] || STO [111], and LNO [110] || 
STO [110] for out-of-plane, and in-plane direction, respectively. 
Figure 6.4 (c) and (d) shows XRD RSMs of symmetric (111) and asymmetric (321) 
reflections of the LNO film. The lack of vertical alignment of (321) film and substrate peaks 
indicates at least a partial relaxation of the film lattice. For the thinner LNO films, the 
thickness can be determined by XRR. Figure 6.4 (e) shows XRR curve and model fit of a 
LNO (111) thin film deposited with 3000 laser pulses. The fitted thickness and roughness are 
shown in the inset. 
 
6.4 LaNiO3/LaAlO3 (111) Superlattices 
6.4.1 Structure and Morphology 
 
Figure 6.5 XRD 2θ-ω-scans of a [9/7]10 SL on a STO (111) substrate. The inset shows a 
scheme of the SL. The figure was taken from Ref. [152]. 
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Figure 6.5 displays the XRD 2θ-ω-scan of [9/7]10 SL on a STO (111) substrate. The SL Bragg 
peak is visible near the STO (111) substrate peak. The average distance between (111) layers 
of the SL was calculated to be around 0.21 nm from the position of SL (111) peak. 
Figure 6.6 shows XRD RSMs around asymmetric (321) reflections of the STO (111) 
substrate. The in-plane lattice match of SLs and STO (111) substrate, i.e. the strained, 
pseudomorphic growth is visually confirmed by the vertical alignment of the (321) substrate 
and SLs peaks at identical q|| values. 
Figure 6.7 shows the smooth monolayer structure of the surface of the [9/7]10 SL with 
rms roughness of 0.166 nm. The line scan shows the average step height of about 0.217 nm 
corresponding to the above mentioned value obtained by XRD as shown in Figure 6.5. 
 
 
Figure 6.6 XRD RSMs of (111)-oriented LNO/LAO SLs around the asymmetric STO (321) 
peak measured with Kα1/2 radiation. The structure of SLs are [9/7]10 (a), [13/7]10 (b), [18/7]10 





Figure 6.7 AFM image of [2/2]6 SL on STO:Nb (111) substrate. The line scan shows the 
terrace steps heights of about 0.217 nm. Straight red lines are added as guide to the eyes. The 
figure was taken from Ref. [152]. 
 
 
Figure 6.8 STEM dark-field image of [94/96]10 SL grown on STO (111) substrate. The EDX 
map (inset) shows the distribution of Ni in the SL. The figure was taken from Ref. [152]. 
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For a direct impression of the SL periodicity, Figure 6.8 depicts the STEM and EDX 
mapping results of a thicker [94/96]10 SL. The STEM cross section and the corresponding 
EDX map of Ni confirm the presence of 10 double layers LNO/LAO with reasonably smooth 
interfaces. XRR, shown in Figure 6.9, was used to determine the thickness, and interfacial 
roughness of the thinner SLs. The strong oscillations arising from the finite thickness of the 
layers are clearly resolved for all SLs, indicating excellent sample quality with abrupt 
interfaces [152]. Taking the [9/7]10 SL for example, by fitting the XRR curve the average 
thickness of each LNO and LAO single layer is 1.91 ± 0.01 nm and 1.51 ± 0.01 nm, 
respectively, in agreement with our design of 9 u.c. LNO and 7 u.c. LAO. The interfacial 
roughness is in between 0.56 and 0.58 nm. 
 
 
Figure 6.9 X-ray reflectivity of LNO/LAO SLs. The notation refers to the structure of SLs on 





6.4.2 Temperature-Dependent Electrical Characteristics 
 
Figure 6.10 Temperature-dependent sheet resistance of (111) SLs deposited on STO (red) and 
LAO (blue) substrates. The horizontal black dotted line corresponds to 25.8 kΩ/□, the 
quantum of resistance in 2D state. The figure was taken from Ref. [152]. 
 
In our SLs, we observed a clear dependence of the sheet resistance on the number of LNO 
unit cells in the SLs. As shown in Figure 6.10, each insulating layer is formed by 7 LAO unit 
cells. The thick insulating layers ensure that the electronic transport near the Fermi energy is 
effectively confined to the LNO layers. The SLs were deposited on STO and LAO substrates 
which induce tensile (1.74 %) and compressive (-1.27 %) strain, respectively. The [18/7]10 SL 
shows metallic behavior with positive resistivity temperature coefficient in the measured 
temperature range. With decreasing number of LNO unit cells in the SLs, insulating behavior 
appears. The MIT is related to the quantum confinement effect when decreasing the number 
of LNO unit cells in the SLs which has been discussed for the (001)-orientated LNO/LAO 




Figure 6.11 Logarithm of conductance ln() as a function of T-1/3 of [6/7]10 and [4/7]10 SLs on 
STO substrate, indicating 2D VRH-type conductivity. The figure was taken from Ref. [152]. 
 
The [6/7]10 and [4/7]10 SLs on STO (111) are highly insulating hinting to a possible Mott 
behavior as shown in Figure 6.11. The logarithm of conductance is proportional to T-1/3, i.e. it 
can be described with a 2D Mott VRH model. For the validity of the model, two criteria have 
to be fulfilled [153]: Rhop/a > 1 and Ehop/kBT > 1, where Rhop is the mean hopping distance, a is 
the localization length, and Ehop is the mean hopping energy. The relationships are given in 
Equations (5.7) and (5.8). For our samples, the ratios Rhop/a and Ehop/kBT were derived from 
the fitting, which satisfies the criteria within the measured temperature range and thus 
confirms the validity of the 2D VRH model [152]. 
It is also possible to estimate the value of localization length a by using Equation (5.5). 
As a rough approximation, N(EF) can be calculated using Equation (5.6). The calculated 
localization length a of our SLs are 1.2 and 2.3 Å, which is reasonable in comparison to the 
Ni-O bond distance in SLs on STO of about 2 Å [152]. All fitting parameters and calculated 




Table 6.1 Fitting parameters and calculated values of the 2D VRH model for two selected SLs 
on STO (111): Sheet resistance RS at 300 K, density of states at the Fermi lever N(EF), fit 
parameter T0, localization length a, the ratio of Rhop/a at 300 K, and hopping energy Ehop. The 
table was taken from Ref. [152]. 
SLs 
 









(T = 300 K) 
Ehop 
(meV) 
[6/7]10 1.36 × 10
4 6.14 × 1020 1.83 × 104 1.19 1.31 0.76 T2/3 
[4/7]10 1.34 × 10
5 1.42 × 1019 2.06 × 105 2.33 2.94 1.70 T2/3 
 
 
Figure 6.12 (a) Temperature-dependent sheet resistance of (111)-oriented [6/7]10 SL on LAO. 
The horizontal black dotted line corresponds to 25.8 kΩ/□, the quantum of resistance in 2D 
state. (b) Logarithm of sheet conductance ln() as a function of T-1/3 of the [6/7]10 SL on LAO. 
 
Compared with SLs deposited on LAO, the SLs on STO have a higher sheet resistance 
for all structures as shown in 6.10. A possible reason is the substrate-induced strain in the 
in-plane lattice-matched SLs which may influence the value of resistivity. Hence, a possible 
reason for the enhancement of resistivity of SLs on STO could be the slight expansion of their 
in-plane lattice constants, which leads to larger Ni-O-Ni bond lengths [123]. 
However, the transport behavior of SLs on LAO substrates cannot be described by the 
2D Mott VRH model because the calculated hopping distance is much smaller than the 
localization length. The criterion Rhop/a > 1 is not fulfilled for the [6/7]10 SL on LAO which 
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undergoes a metal-insulator transition with the sheet resistance around 25.8 kΩ/□ as shown in 
Figure 6.12. In addition, a comparison of sheet conductance of the [4/7]10 SL on LAO as a 
function T-1/3 and 1000/T is shown in Figure 6.13. The logarithm of sheet conductance is not 
linear to T-1/3 indicating changing conductivity mechanisms, which will be discussed in the 
following. 
The different temperature dependence of resistivity for SLs on STO and LAO may be 
due to the substrate polarity and indicates changing conductivity mechanisms. As mentioned 
above, the STO substrates consist of alternating +4e and -4e charged atomic planes along the 
[111] direction which leads to a large polarity mismatch at the interface to the LNO/LAO SLs. 
In contrast, the interface is polar matched for SLs grown on LAO substrate with sequentially 
+3e and -3e charged atomic planes along [111]. Different polarities of the substrates may 
induce the changing of Ni valance state, which has been observed in LNO/LAO (001) SLs 
[134]. Since the conductivity of LNO strongly depends on the valence states of Ni, we 
attribute the different conductivity mechanisms mainly to the substrate-induced polarity [152]. 
 
 
Figure 6.13 The logarithm of sheet conductance ln() of [4/7]10 SL on LAO as a function of 






Figure 6.14 (a) Temperature-dependent sheet resistances of [2/3]10 SL deposited on LAO (111) 
substrate. (b) and (c) are logarithm of sheet conductance ln() as a function of T-1/3 and 
1000/T, respectively. The solid red line in (b) is the linear fitting in the low temperature range 
from 44 K to 90 K using the Mott-VRH model. The dotted red line is the extension of low 
temperature fitting as guide to the eyes. The red line in (c) is linear fitting in the high 
temperature range from 110 K to 300 K based on an activated transport model. Figure (a) and 
(c) were adapted from Ref. [152]. 
 
Figure 6.14 (a) shows the evolution of sheet resistance with temperature for the [2/3]10 
SL on LAO. The sample was measured twice. During the first measurement, the temperature 
points were set with equal distances as a function of log(T) in the temperature range from 300 
K to 44 K. Thus, only 5 points appeared in the high temperature range (similar as Figure 6.13 
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(c)). The second measurement was performed from 300 K to 90 K with temperature points 
chosen in equal distances with respect to T-1. The sheet resistance-temperature curves 
obtained by these two measurements are completely overlapping in the high temperature 
range. 
The resistivity data are first analysed using the Mott-VRH model which can describe the 
transport of LNO thin films and (001)-oriented SLs well [32, 138]. However, large deviations 
exist for (111)-oriented SLs on LAO in the high temperature range as shown in Figure 6.14 
(b). Instead, an activated transport model fits the data in the temperature range from 110 K to 
300 K [151]. The characteristic relation is: σ ∝ exp(-Eg / 2kBT), where Eg denotes the band 
gap. As shown in the Figure 6.14 (c), linear fitting of [2/3]10 SL yields a value of Eg of about 
107 meV which is close to another reported value of about 95 meV obtained by the same 
model [151]. 
A possible origin of the gap structure is the breaking of the Z2 symmetry of the two Ni 
sites in the bilayer LNO SLs [9]. As predicted by theoretical work, two triangular NiO6 
octahedron layers form a buckled honeycomb lattice which gives rise to Dirac points in the 
band structure (see Figure 1.3 in chapter 1) [73]. Allowing full lattice relaxation breaks the 
inversion symmetry Z2 and results in two inequivalent Ni sites which destroy the Dirac point 
by opening a gap at K and K´ [9]. Below 90 K, the transport of SLs on LAO can be described 
using the 2D VRH model as shown in Figure 6.14 (b). 
To obtain further insight into the transport properties of bilayer LNO SLs, we changed 
the thickness of the LAO layers. As shown in Figure 6.15, activated transport dominates in all 
bilayer SLs in the measured temperature range from 110 K to 300 K. With increasing the 
number of LAO unit cells, the sheet resistance and activated gap values increase as listed in 
Table 6.2. The tendency of developing a larger gap together with higher resistivity may be due 
to the accumulation of disorder which is expected for polar layer growth on the (111)-oriented 
substrate [150]. In addition, the insulating layers in the three [2/2] SLs are very thin. With 
increasing stacking periodicity, electrical conduction through insulating layers may occur 





Figure 6.15 Sheet conductance of the bilayer LNO SLs as a function of 1000/T. The notation 
refers to the structure of SLs. The fits confirm a thermally activated conductivity behavior. 
The figure was taken from Ref. [152]. 
 
Table 6.2 Electrical characteristics of the bilayer LNO SLs on LAO (111) with increasing 
LAO layers thickness: sheet resistance RS at 300 K, and activated gap energy Eg. The table 
was taken from Ref. [152]. 
SLs 
 




[2/2]8 1.29 × 10
4 17.3(1) 
[2/2]10 7.78 × 10
3 10.2(1) 
[2/2]12 6.59 × 10
3 5.9(1) 
[2/3]10 3.18 × 10
5 107(1) 
[2/4]10 3.77 × 10
5 120(1) 
[2/5]10 1.41 × 10
6 154(2) 






6.4.3 An Attempt of Energy-Band Dispersion Measurement 
 
Figure 6.16 (a) The core level photoelectron spectrum of [2/4]6 LNO/LAO (111) SL. (b) 
ARPES spectrum of [2/4]6 LNO/LAO (111) SL. The measurements were performed at the 
synchrotron BESSY II by Maxim Krivenkov and Evangelios Golias in the group of Prof. Dr. 
Oliver Rader at Humboldt Center Berlin. 
 
Angle resolved photoemission spectroscopy (ARPES) has been tried to get deeper insight into 
detailed band structure features of our LNO/LAO (111) SLs. The SL was grown on STO: Nb 
(111) substrate with the purpose of avoiding charging effect during measurement. As shown 
in Figure 6.16 (a), the core level photoelectron spectrum was obtained from which the 
elements that constitute SL can be determined. In theory, the ideal [2/4]6 LNO/LAO (111) SL 
should give Dirac-cone-like features. However, no indication for band dispersion can be 
observed in Figure 6.16 (b). A possible reason is the ultra-high vacuum of 2 × 10-10 mbar in 
the ARPES chamber influenced the sensitive monolayer surface structure of our oxide SL. 
After ARPES measurements, SL was performed by LEED. No LEED spot was detected 





Figure 6.17 AFM images of LNO/LAO (111) SLs. (a) and (c) are SLs as deposited. (b) The 
SL measured 1 month after deposition. (d) The SL as seen in (c) after ARPES measurement. 
 
Figure 6.17 shows the AFM images of LNO/LAO (111) SLs. The SL measured 1 month 
after deposition keeps similar terraced monolayer structure of the surface as shown in Figure 
6.17 (a) and (b). However, the surface structure of the same kind of SL was changed after 
ARPES measurement as shown in Figure 6.17 (c) and (d). 
Thus, at this stage we cannot make final statements about the theoretically predicted Z2 
topological behavior of our SLs [9]. Further plans in this direction include an UHV suitcase 








In this Chapter, a series of epitaxial LNO/LAO SLs has been grown on polar mismatched 
STO (111) and polar matched LAO (111) substrates. Strained, in-plane lattice matched growth 
was shown by XRD analysis. Smooth 2D surfaces and interfaces were demonstrated by AFM, 
XRR, and STEM. A transition from metallic to VRH or thermally activated transport was 
observed in the (111)-oriented SLs when decreasing the LNO thickness on STO or LAO 
substrates, respectively. While the absolute resistivity values depend on the 
thickness-dependent strain, its temperature dependence, i.e. the resistivity mechanism depends 
on the polar mismatch/match to the used substrate material. Instead of the predicted 
Dirac-point semimetals, thermally activated behavior appears in the bilayer LNO SLs on LAO 
(111) which should be, in theory, a potential candidate for a 2D topological insulator. The gap 
energy can be tuned by changing the thickness of LAO layers. In contrast, the SLs grown on 
LAO (001) substrate (studied in chapter 5) shows 2D VRH behavior. The understanding of 
these transport properties is essential for the design and fabrication of artificial SLs with 
























Chapter 7 LaMnO3/LaAlO3 Superlattices 
7.1 Introduction 
Topological phases have been predicted to emerge in the (111) bilayers of various 
perovskite-type TMOs [73]. DFT studies including strong Coulomb interaction effects have 
predicted a topological insulating phase in LNO/LAO (111) SL [9]. However, LNO itself is a 
paramagnetic metal implying a very weak electronic interaction [13]. Instead of the predicted 
Dirac-point semimetallic behavior, an activated transport was observed in our experimental 
studies in Chapter 6. Thus, to find a proper perovskite system becomes meaningful for 
pursuing a correlated topological phase. 
Although LMO bulk is a Mott insulator with A-type antiferromagnetism, LMO thin films 
display a ferromagnetic behavior possibly attributable to off-stoichiometry [154]. The 
electronic structure of the LMO (111) bilayer sandwiched in LaScO3 was studied by Weng et 
al. using DFT as well as the tight-binding model [13]. The Fermi energy of this SL just stays 
at the Dirac point, rendering a semimetal which is also a half-metal. Taking spin-orbital 
coupling into account, the Dirac cone can be opened which may give rise to nontrivial 
topological bands corresponding to the quantum anomalous Hall effect [13]. Doennig et al. 
studied the LMO/LAO (111) SLs based on DFT calculations including strong interaction 
effects [14]. A set of ground states including a Dirac semimetal, a Chern and a Mott insulator 
were predicted [14]. 
Little experimental work has been performed up to now to verify these theoretical 
predictions. In 2011, Choi et al. reported epitaxial growth of LMO/STO SLs on STO (001) 
substrates with different thickness of LMO layers [155]. Ferromagnetic states were formed in 
the SLs, and the LMO layers within the SLs were found to be slightly hole-doped [155]. In 
2012, Gibert et al. fabricated LNO/LMO SLs by off-axis radio frequency magnetron 
sputtering [154]. An unexpected EB effect was observed in (111)-oriented LNO/LMO SLs, 
where LNO is paramagnetic and LMO is ferromagnetic [154]. 
In this Chapter, we start with the epitaxial growth of LMO single films. Then 
[LMOm/LAOn]10 SLs (m and n indicate the number of unit cells, respectively, thereafter 
referred to as [m/n]10) are deposited and performed by XRD, AFM, XPS and high-resolution 
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TEM. The in-plane resistivity is measured as a function of temperature in van der Pauw 
geometry using a Hall setup. The SQUID is used to determine the magnetic properties of SLs. 
7.2 LaMnO3 Single Films 
LMO single films were deposited on thermally treated STO (001), STO (111), and STO:Nb 
(111) single crystals. The thermally treated STO substrates presented atomically flat terraces 
with steps corresponding to the (001) or (111) interplanar distance in height (Figure 3.3 in 
Chapter 3). The RHEED pattern of STO (001) substrate prior to starting LMO deposition, 
taken along <110> STO direction shows a high intensity specular spot with Kikuchi lines. The 
evolution of the intensity of the specular spot was monitored during LMO growth as shown in 
Figure 7.1 (a). The oscillations maintain the amplitude during the growth of 10 monolayers 
LMO signalizing layer-by-layer growth mode. The sharp RHEED pattern after deposition (T 
= 220 s) confirms an atomically flat film surface. Figure 7.1 (b) depicts the wide-angle XRD 
2θ-ω-scan of LMO single film grown on STO (001) substrate. The XRD pattern exhibits 
peaks corresponding to the (001), (002), and (003) planes of the LMO film and STO substrate 
in pseudocubic structure, suggesting the growth of LMO along the [001]-direction on the 
substrate. The distance between (001) layers can be calculated from the positions of LMO 
peaks. Therefore, the thickness of LMO single films and SLs can be estimated from the 
numbers of applied laser pulses and double checked by high-resolution TEM measurement. 
 
 
Figure 7.1 (a) RHEED oscillations of 10 monolayers LMO grown on STO (001) substrate. 
The insets are in-situ RHEED patterns before and after deposition. (b) Wide-angle XRD 
2θ-ω-scan of LMO single film on the STO (001) substrate. 
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7.3 LaMnO3/LaAlO3 Superlattices 
7.3.1 Structural and Morphology 
Based on the work of LMO and LAO single films, we fabricated LMO/LAO SLs. AFM 
topographic images and RHEED patterns of (001)-oriented and (111)-oriented SLs are 
presented in Figure 7.2 (a) and (b), respectively. The two SLs show morphology of terraces 
and steps with low rms roughness of 0.16 nm and 0.33 nm. 
 
 
Figure 7.2 The topographic AFM images of [5/5]10 and [9/9]10 SLs on STO (001) (a) and STO 
(111) (b) substrates. The insets are RHEED patterns after deposition. 
 
 
Figure 7.3 (a) TEM image of [9/9]10 LMO/LAO (111) SL. (b) Zoom-in on the seclected area 
seen in (a). (c) The average brightness profile of selected area along the blue arrow in (b). The 
measurements were conducted by Prof. Dr. Thomas Höche and Dr. Christian Patzig at 
Fraunhofer-Institut für Mikrostruktur von Werkstoffen und Systemen (IMWS). 
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Figure 7.3 shows the TEM images of [9/9]10 LMO/LAO (111) SL. From the line profile 
of brightness in Figure 7.3 (c), the average thickness of one LMO/LAO double layer is 
estimated to be 4 nm which is fully consistent with our design of 9 u.c. LMO and 9 u.c. LAO. 
Figure 7.4 shows XRD RSMs with indicated reflections of [5/5]10 and [9/9]10 SLs 
deposited on STO (001) and STO (111) substrates. From the vertical alignment of the SLs and 
substrates peaks, the in-plane lattice match can be deduced. The sharp peaks of SLs with 
satellite peaks indicate high crystalline quality. 
The superlattice period can be obtained from: [156] 
 𝐿 = 𝜆/(2Δ𝜃 ∙ 𝑐𝑜𝑠𝜃𝐵) (7.1) 
where λ is the X-ray wavelength, Δθ is angular separation between two adjacent satellite 
peaks, and θB is the Bragg angle of the zero-order satellite peak. Taken the [9/9]10 SL, for 
example, the calculated superlattice period L is 4.0 ± 0.1 nm, corresponding to the above 
mentioned value obtained by TEM. 
 
 
Figure 7.4 XRD RSMs with indicated reflections of [5/5]10 and [9/9]10 SLs deposited on STO 
(001) (a, b) and STO (111) (c, d) substrates. 
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7.3.2 Magnetic Properties 
 
Figure 7.5 (a-b) Magnetic moment versus temperature of SLs in the ZFC and FC states at a 
field of 0.25 T. (c-d) The field hysteresis of the magnetization at 5 K and 150 K. The field was 
applied parallel to the main area of the SLs. The diamagnetic contribution of the substrate was 
not subtracted. The measurements were performed together with Dr. Jose Barzola-Quiquia in 
our institute. 
 
The magnetic properties of the SLs at room and low temperatures were evaluated in terms of 
temperature and field dependencies of magnetization. Figure 7.5 displays the magnetic 
moment versus temperature pattern of the SLs measured at 0.25 T under zero-field-cooling 
(ZFC) and 0.25 T field-cooling (FC) conditions. The SLs display ferromagnetic behavior 
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similar to the off-stoichiometry LMO thin films [154, 157]. The difference in the magnetic 
moment measured in the ZFC and FC sequences is insignificant. The sudden jump in 
magnetic moment at a low temperature indicates that the ferromagnet phase transition occurs 
in the SLs. The transition temperature (TC) was determined as the maximum of the dM/dT 
curve [158]. The calculated TC values are between 50.3 and 55.0 K, which are smaller than 
the oxygen deficiented LaMnO3-δ thin films (60 ~ 78 K) [157]. The magnetization-field 
curves of SLs were measured at 5 and 150 K under in-plane magnetic field. The saturation 
magnetization (MS) of the SLs obtained from Figure 7.5 (c) and (d) are summarized in Table 
7.1. 
 
Table 7.1 Characteristics of the LMO/LAO SLs: structure, orientation, transition temperature 
TC, and magnetization MS at 5 and 150 K. 
SLs structure Orientation 
TC 
(K) 
MS (T = 5 K) 
(emu·cm-3) 
MS (T = 150 K) 
(emu·cm-3) 
[5/5]10 (001) 50.3 1.01 0.06 
[9/9]10 (111) 55.0 0.86 0.05 
 
7.3.3 Temperature-Dependent Electrical Characteristics 
The sheet resistance of the [5/5]10 SLs is shown in Figure 7.6 (a) as a function of temperature. 
Both (001) and (111)-oriented SLs have a high sheet resistance in the order of 106 Ω/□ at 300 
K as shown in Table 7.2. With temperature decreasing, the sheet resistance increases, hinting 
for a semiconductor or insulator behavior. In addition, for the thinner SLs, i.e. [2/2]10 SLs, the 
resistivity is higher than the maximum scale value of our setup in the measured temperature 
range of 300 ~ 15 K. 
Although predicted by theory, Dirac semimetal, Chern and Mott insulating phase may 
exist in this kind of SLs [14]. Experimentally, it is found that all data is reasonably fitted by a 
conventional thermal hopping formula as expressed by: [159-160] 




where 𝜎0 is a material parameter that does not strongly depend on the temperature, 𝑘𝐵 is the 
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Boltzmann constant, 𝑇 is the temperature, and 𝐸𝑎  is the thermal activation energy. As 
shown in Figure 7.6 (b), linear fitting of SLs yields the values of 𝐸𝑎 of about 192 and 218 
meV. Thus, thermally activated electron hopping seems to govern the electrical transport in 
both (001) and (111)-oriented SLs within the investigated temperature range. The difference 
between our results and theoretical prediction may be related to the electrons configuration of 
Mn element in the SLs, which will be discussed in the following. 
 
 
Figure 7.6 (a) Sheet resistance versus temperature for [5/5]10 SLs on STO (001) (black) and 
STO (111) (red) substrates. The highest sheet resistance is about 3 × 109 Ω/□, which is the 
sensitivity limit of our setup. (b) Logarithm of sheet conductance ln(σ) as a function of 




Table 7.2 Characteristics of the [5/5]10 SLs: orientation, sheet resistance RS, carrier 
concentration n, Hall mobility μ, and activation energy Ea. 
Orientation 
RS (T = 300K) 
(Ω/□) 
n (T = 300 K) 
 (cm-3) 
n (T = 160 K) 
(cm-3) 




(001) 4.24 × 10
6 5.98 × 1018 9.54 × 1013 0.91 192 
(111) 6.42 × 107 3.89 × 1017 5.48 × 1013 0.23 218 
 
7.3.4 XPS Investigation 
For the further understanding of the properties of LMO/LAO SLs, we did XPS measurement 
for (111)-oriented [9/9]10 SL together with Martin Welke in Wilhelm-Ostwald-Institut in our 
University. Figure 7.7 shows the XPS overview spectrum of the [9/9]10 SL on STO (111) 
substrate. Besides the peaks from C and STO substrate, all other peaks can be ascribed to the 
elements that comprise the SL. The binding energies of La 3d, Mn 2p1/2, and Al 2p were 
measured to be 835.2, 642.9, and 74.7 eV, respectively. 
 
 





Figure 7.8 XPS spectrum of Mn 2p core-level lines for the [9/9]10 SL deposited on STO (111). 
Below the Mn 2p spectrum the residuum R(E) is shown. 
 
The valence state of Mn in the LMO-based SLs was usually assumed to be 3+ during the 
theoretical calculation [13-14]. However, for our SLs, the best fit was achieved by assuming 
to have Mn4+ with corresponding satellites as shown in Figure 7.8. Both Mn 2p1/2 and 2p3/2 
peaks can be fitted well with residuum below 2. Thus, the main valence state of Mn in the 
LMO/LAO SL is Mn4+, which is different from LMO bulk and the assumption of theoretical 
calculation. The high state of Mn4+ has also been observed in LNO/LMO SLs, in which 
charge transfer between Mn and Ni occurs at the interface [83]. However, it is worth to 
mention that the presence of Mn3+ is still possible, e.g. at the interface of SLs. Since the LMO 









In this Chapter, LMO/LAO SLs have been grown on STO (001) and STO (111) substrates. 
XRD pattern and RSMs reveal the good out-of-plane crystalline orientation and in-plane 
epitaxial relationship between the SLs and substrates. The smooth 2-dimensional surface and 
interfaces are demonstrated by RHEED patters, AFM, and TEM. The SLs undergoes a 
ferromagnetic phase transition with a transition temperature of 50 and 55 K. The sheet 
resistance of SLs is as high as 106 Ω/□ at 300 K and increases with temperature decreasing. 
Instead of Chern and Mott insulating, a thermal activated behavior appears in both (001) and 
(111)-oriented SLs. The XPS studies reveal a high valence state of Mn4+ in the SL which is 





Chapter 8 LaNiO3/LaMnO3 Superlattices 
8.1 Introduction 
The EB effect is one of the outcomes of exchange anisotropy at the interface between two 
materials with competing magnetic interactions [161]. It has been known for a long time in 
many different systems containing interfaces between ferromagnetic and anti-ferromagnetic 
materials, exhibiting a shift of the center of the magnetic loop along the magnetic field axis 
[162-165]. In 2011, an interesting EB effect was observed by Gibert et al. in SLs composed of 
(111)-oriented layers of paramagnetic LNO and ferromagnetic LMO [16]. In contrast, no EB 
effect was observed for LNO/LMO SLs grown on STO (001) substrate [16]. Two main 
theoretical analyses were published following this discovery. Dong et al. studied LNO/LMO 
SLs with three different orientations using tight-binding calculations [82]. They attributed the 
magnetism in the LNO/LMO SL to quantum confinement effects and found very little 
magnetization in the Ni layers for (001) compared to the (111) orientation [82]. On the other 
hand, using first-principles DFT calculations, Lee et al. found a considerable magnetic 
moment induced in (001) SLs and concluded that this magnetic moment is due to charge 
transfer between Ni and Mn at the interface [17]. However, the study of the charge transfer 
and magnetism of Mn and Ni for LNO/LMO SLs by Piamonteze et al. showed that any of the 
above single models cannot completely explain all experimental results [83]. In addition, the 
study of electronic transport properties of LNO/LMO SLs is lacking. Thus, more 
experimental work is significative for the verification of the above theoretical explanations 
and further understanding of physical mechanism of LNO/LMO SLs. 
In this Chapter, we report on the epitaxial growth of LMOn+[LNOm/LMOn]l SLs (m and 
n indicate the number of unit cells, respectively, thereafter referred to as [m/n]l). Three kinds 
of SLs with different orientations are fabricated. RSMs, AFM, and TEM are used to analyze 
the structure, morphology, and epitaxial character of SLs. The temperature-dependent 
resistivity is measured in van der Pauw geometry using a Hall setup. The electrical property 
of SLs is found to be dominated by the thickness of LNO layer. A MIT is observed with 
decreasing LNO thickness. The conductivity mechanism of SLs is discussed by means of 
appropriate modeling. In addition, the magnetic properties are studied by SQUID. 
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Interestingly, the EB effect is observed in three kinds of SLs with different orientations. 
8.2 Superlattices Structural Analysis 
Figure 8.1 presents XRD RSMs of [8/2]2 SLs deposited on STO (001) and STO (111) 
substrates. From the reflections around symmetric peaks (002) and (111) in Figure 8.1 (a) and 
(c), the good out-of-plane crystalline orientation was determined. The in-plane lattice match 
of SLs and substrates, that is, the pseudomorphic growth mode is visually confirmed by the 
perfect vertical alignment of the asymmetric peaks of SLs and substrates at identical q║ values 
in Figure 8.1 (b) and (d). In addition, the very good superstructure and crystallinity of SL was 
demonstrated by the SLs +1 and -1 satellite peaks as shown in Figure 8.1 (b). 
 
 
Figure 8.1 XRD RSMs with indicated reflections of [8/2]10 SLs grew along (001) (a, b) and 
(111) (c, d) orientations. The insets in (a) and (c) are 2θ-ω-scans around STO (002) and STO 
(111) peaks. The double-peak struture of substrates is caused by Kα1/2 splitting of incident 




Figure 8.2 AFM images of [2/2]6 LNO/LMO SLs deposited on STO (001) (a) and STO (111) 
(c) substrates. Steps with a height of one unit cell are observed in line scans (b, d). The 
straight red lines are added as a guide to the eyes. 
 
Figure 8.2 displays AFM images of [2/2]6 LNO/LMO SLs deposited on STO (001) and 
STO (111) substrates. All surfaces display atomically flat terraces as shown in Figure 8.2 (a) 
and (c). The line profiles show the regular terraces with steps of one unit cell in height, 
confirming the layer-by-layer growth. The rms roughness of (001) and (111)-oriented SLs are 
0.095 nm and 0.115 nm, respectively. 
The microstructure of the (111)-oriented SLs was investigated by high-resolution TEM 
with a STEM unit as well as a detector for the electron energy loss spectroscopy (EELS). 
Figure 8.3 (a) shows an overview TEM cross section image of the [7/7]10 LNO/LMO SLs 
grew on STO (111) substrates. The interfaces between the LNO and LMO layers are clearly 
visible and uniform over wide areas. An integrated EELS line scan was taken along the 
growth direction. The profiles of the intensities of the Mn (black) and Ni (red) are plotted in 
Figure 8.3 (c). Ten double layers LNO/LMO with thicknesses of about 3 nm were confirmed, 
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corresponding to the designed [7/7]10 SL structure. A high magnification TEM image shown 
in Figure 8.3 (b) further confirms the good epitaxy and quality of the SL. The inter-planar 
spacing along the growth direction is 0.22 nm, whose value is equal to the steps height of one 
unit cell measured by AFM. The in-plane lattice parameter of SL is about 0.27 nm, confirming 
the lattice match between SL and substrate. 
 
 
Figure 8.3 TEM image of the [7/7]10 SL grown on STO (111) substrate: (a) overview, (b) 
white square in (a) at higher magnification. The LMO layers appear brighter than the LNO 
layers. (c) Integrated EELS line scan along the growth direction. The profiles of the intensities 
of Mn (black) and Ni (red) are plotted. Measurements were conducted by Prof. Dr. Thomas 
Höche and Dr. Christian Patzig at IMWS. 
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8.3 Temperature-Dependent Electrical Characteristics 
The resistivity of the LNO/LMO SLs as a function of temperature was measured by a four 
terminal transport method in van der Pauw geometry. It is worth to mention that the LMO 
single films are highly insulating with resistivity beyond the maximum scale value of our 
setup. This makes the electronic transport near the Fermi energy effectively confined to the 
LNO layers. As shown in Figure 8.4, the sheet resistance of (001)-oriented SLs is depending 
on the number of LNO unit cells (m) in the SLs. The SLs with m ≥ 6 are metallic, i.e., their 
resistance decreases with decreasing temperature. In contrast, structures with m ≤ 4 are all 
insulating, showing an increase in resistance with decreasing temperature. Compared with 
SLs deposited on LAO, the SLs on STO have a higher sheet resistance for all structures. This 
may be related to the substrate-induced strain in the in-plane lattice-matched SLs [123]. The 
in-plane lattice constants of SLs on STO have a slight expansion, which leads to larger 
Ni-O-Ni bond lengths and higher in-plane resistivity. 
 
 
Figure 8.4 Temperature-dependent sheet resistance of (001)-oriented SLs deposited on STO 
(red) and LAO (black) substrates. The horizontal black dotted line corresponds to 25.8 kΩ/□, 





Figure 8.5 Temperature-dependent sheet resistance of LNO/LMO SLs deposited on STO (111) 
(a) and STO (011) (b) substrates. 
 
Similar MIT behavior has also been observed in the (111) and (011)-oriented SLs as 
shown in Figure 8.5. This indicates the MIT is an intrinsic property of LNO/LMO SLs, which 
is independent of growth orientation and strain in the SLs. According to Boltzmann transport, 
the conductivity of a 2D electron gas is related to the wave number of electrons on the Fermi 
surface and the mean free path as given by Equation (5.2) [140]. Thus, the calculated 
maximum sheet resistance of a metallic conductor approaches h/e2 ≈ 25.8 kΩ/□ [32], which is 
the quantum of resistance in 2D state as shown with black dotted lines in Figure 8.4 and 
Figure 8.5. Above this value, the SLs exhibit insulating behavior. In contrast, metallic 





Figure 8.6 Temperature-dependent resistivity of LNO/LMO SLs. The notation refers to the 
structure of SLs on the indicated substrates. The color lines are the best fit to ρ = AT + a. The 
thicknesses of each LNO/LMO double layer are 3.1 nm, 3.1 nm, and 3.2 nm, respectively. 
 
Figure 8.6 compared the SLs with minimum m values that start to exhibit metallic 
behavior. Although this selected m value is slightly different for the three orientations of SLs, 
the thicknesses of each LNO/LMO double layer are nearly equal (3.1 nm ~ 3.2 nm). The 
temperature-dependent resistivity can be described by ρ = AT + a. Such a behavior is typical 
of el-ph scattering. The el-ph coupling constant λ can be estimated using Equation (4.4). The 
mean free path l at a certain temperature is related to the Fermi velocity 𝜈𝐹 as shown in 
Equation (5.1). Since the electronic transport of SLs is mainly depending on LNO layers, we 
take the velocity of the LNO material of 1.05 × 10-7 cm·s-1 into account for a rough 
approximation. The structural information and calculated values of SLs are listed in Table 8.1. 
 
Table 8.1 Electrical characteristics of the LNO/LMO SLs: structure, orientation, resistivity ρ, 
el-ph coupling constant λ, and carriers mean free path l (at 300 K). 
Structure Orientation ρ (T = 300K) 
(mΩ·cm) 
λ (×10-3) l (T = 300 K) 
(Å) 
[6/2]10 (001) 1095 128(1) 47.4(1) 
[12/2]10 (111) 924 111(2) 56.2(1) 




Figure 8.7 Logarithm of sheet conductance log () as a function of 1/T1/3 of [4/2]10 SLs on 
(001), (111), and (011)-oriented STO substrates. The lines are linear fitting, indicating 2D 
VRH-type conductivity. 
 
Table 8.2 Fitting parameters and calculated values of the 2D VRH model for [4/2]10 SLs: 
orientation, sheet resistance RS at 300 K, fit parameter T0, the ratio of Rhop/a at 300 K, hopping 
energy Ehop, density of states at the Fermi level N(EF), and localization length a. 












(001) 3.70 × 105 5.10 × 105 3.98 2.30 T2/3 1.79 × 1018 0.42 
(111) 8.22 × 106 1.48 × 106 5.67 3.27 T2/3 1.74 × 1017 0.48 
(011) 1.54 × 105 3.47 × 105 3.50 1.91 T2/3 1.91 × 1020 0.24 
 
Figure 8.7 and Table 8.2 compared the electrical properties of [4/2]10 SLs with three 
different orientations. The logarithm of sheet conductance is proportional to T-1/3, indicating 
the electrical transport behavior can be described with a 2D Mott VRH model. Based on 
Equation (5.4), the T0 values were obtained by fitting the resistivity curves. The ratio of 
hopping distance and localization length (Rhop/a) is obtained by insertion of T0 value into 
Equation (5.7). The values of Rhop/a are larger than 1 within the fitted temperature range, 
which verifies the validity of the 2D VRH mechanism for these SLs. The values of N(EF) and 
a are obtained based on Equations (5.6) and (5.5). 
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8.4 Magnetic Properties 
The magnetic properties of SLs were measured using a SQUID with an applied field parallel 
to the plane of the sample (in-plane). The thickness of three kinds of SLs is around 40 nm, 
which was adjusted by changing stacking periodicity. Figure 8.8 (a) presents hysteresis loops 
of (111)-oriented SL at 2 K after field-cooling from room temperature in the presence of ± 1T 
fields. The shift of the hysteresis loops along the magnetic field axis is clearly observed. This 
behavior is a classic signature of EB effect. When the temperature increased to 10 K, the EB 
effect is still evident as shown in Figure 8.2 (b). 
 
 
Figure 8.8 (a) Hysteresis loops at 2 K for the (111)-oriented [7/7]13 SL after field-cooling at 
two different fields μ0HFC = ± 1T. (b) Hysteresis loops of (111)-oriented [7/7]13 SL at different 
constant temperatures after field-cooling at a field of +1 T. The measurements were performed 




Figure 8.9 Hysteresis loops from SQUID measurements at different constant temperatures 
after cooling the sample with a field of +1T: (a) (001)-oriented [5/5]10 SL; (b) (011)-oriented 
[7/7]11 SL. 
 
Figure 8.9 shows the hysteresis loops of SLs with (001) and (111) orientations. Different 
from the previous study by Gibert et al. [16], the EB is also present in these SLs with a clear 
shift of the hysteresis loops at different measured temperatures. This surprising observation 
indicates the EB is an intrinsic property of LNO/LMO SLs. 










− denote the positive field and negative field at which the magnetization 
equals zero, respectively. 
The HE of three kinds of SLs was summarized in Figure 8.10. Compared with the 
(111)-oriented SL, the (011)-oriented SL exhibits a large enhancement of the HE values. With 
increasing temperature, the HE for all kinds of SLs decreases and finally vanishes in the 




Figure 8.10 The EB fields at different temperatures as calculated from Hysteresis loops for the 
SLs with indicated orientations. 
 
 





The HE are typically accompanied by an enhancement of the coercive field HC, which 







The HC values of the SLs as a function of temperature are plotted in Figure 8.11. We 
observed a monotonic increase in coercive field with decrease in temperature. At 2 K, the SLs 
are magnetically rather hard. For instance the (011)-oriented SL has a coercive field in excess 
of 210 mT. The coercive field is temperature dependent and decreases rapidly with increasing 
temperature. This can be understood by considering the effects of thermal fluctuations of the 
blocked moment across the anisotropy barrier [168-169]. 
 
 
Figure 8.12 (a) Magnetic moment versus temperature of (011)-oriented LNO/LMO SL in the 
ZFC and FC states at a field of 0.25 T. (b) The difference between the two magnetic moments 
measured at FC and ZFC states. (c) dM/dT versus temperature of FC curve. (d) Zoom-in of 




In order to further understand the EB effect, the ZFC and FC magnetization 
measurements have been performed. As shown in Figure 8.12 (a), the ZFC and FC curves 
show different behavior at low temperatures. In a field of 0.25 T, two curves merge at the 
blocking temperature of about 45 K which can be seen in Figure 8.12 (b). Since the applied 
field is larger than the coercive field of 0.21 T at 2 K, this data suggests that the sample 
contains two magnetic phases of different magnetocrystalline anisotropy [170]. The magnetic 
property of LMO/LAO SLs has been studied in Chapter 7. The difference in the magnetic 
moment measured in ZFC and FC sequences was insignificant in LMO/LAO. Thus, we 
conclude that the EB observed in LMO/LNO SL is related to the interfaces between the two 
components. 
In addition, the Curie temperature of SL was obtained to be 80 K from the minimum of 
the dM/dT curve as shown in Figure 8.12 (c). If we define the characteristic Néel temperature 
where the ZFC magnetic moment shows a maximum, a temperature of 19 K was obtained 
from Figure 8.12 (d). 
 
8.5 Summary 
In this Chapter, we have systematically investigated the electric and magnetic properties of 
LNO/LMO SLs. The SLs with three different orientations and designed structure were 
fabricated. RSMs identify a certain out-of-plane crystalline orientation and in-plane lattice 
match between SLs and substrates. AFM and TEM studies reveal an atomically flat terraced 
surface with a step height of one unit cell. Temperature-dependent resistivity indicates that the 
electrical property of SLs was dominated by the LNO layers. A dimensionality-controlled 
MIT behavior was observed. An unexpected EB effect was demonstrated in three kinds of SLs 
with different orientations. These observations highlight once more the potential of interface 
engineering for design and fabrication of SLs with artificial functionalities. 
 






















Now the superlattice (SL) interfaces have become one of the most attractive research topics in 
condensed matter physics and material science. The interfaces between wide classes of 
available materials of transition-metal oxides provide a multitude of intriguing physical 
properties that do not exist in the bulk of these materials, such as superconductivity, 
multiferroics, magnetoresistance, and topological conductivity. 
In this thesis, the LaNiO3- (LNO) and LaMnO3- (LMO) based SLs have been 
systematically studied. During this work, about 384 samples were deposited to optimize the 
growth parameters and characterize the properties of SLs. In-situ high-pressure reflection 
high-energy electron diffraction (RHEED) was used to monitor the growth process. The 
observation of RHEED oscillations during deposition proves the two-dimensional (2D) 
layer-by-layer growth process. The sharp RHEED patterns and atomic force microscopy 
images confirm an atomically flat surface. Wide-angle X-ray diffraction (XRD) 2θ-ω-scans 
indicate the pure crystalline phases and well defined out-of-plane orientations. XRD 
reciprocal space maps reveal the in-plane lattice match of the SLs to the substrates. The 
microstructure and thickness information of the SLs was investigated by high-resolution 
transmission electron microscopy and scanning transmission electron microscopy. The 
interfaces between the two components are clearly visible and uniform at a large scale. X-ray 
reflectivity data with strong oscillations indicate abrupt interfaces of SLs with interfacial 
roughness in the order of one unit cell. The thickness of each layer in the SLs was checked by 
fitting X-ray reflectivity curves. All these measurements confirm the high structural quality of 
our SLs. 
For the (001)-oriented LNO/LaAlO3 (LAO) SLs, a clear quantum confinement effect on 
the electronic properties including a metal-insulator transition was demonstrated for 
decreasing LNO thickness. Single LNO films and SLs with LNO thickness of 4 nm show 
metallic behavior at all temperatures. The SL with 2 nm thick LNO shows a metal-insulator 
transition due to the quantum interference of electronic waves. Strong localization appears 
when the LNO thickness of SL is reduced to 1.2 nm, i.e. to 3 unit cells, and 2D variable range 
hopping is the dominant conduction mechanism. The intrinsic conductivity mechanisms of 
SLs were discussed in chapter 5. 
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For the (111)-oriented LNO/LAO SLs, a transition from metallic to variable range 
hopping or thermally activated transport was observed. The resistivity mechanism depends on 
the polar mismatch/match to the used substrate material. Instead of the predicted Dirac-point 
semimetals, thermally activated behavior appears in the bilayer LNO SLs on LAO (111) 
which should be, in theory, a potential candidate for a 2D topological insulator. In addition, 
the gap energy can be tuned by changing the thickness of LAO layers. The experimental 
details and analysis of fitting models can be found in chapter 6. 
The LMO/LAO SLs undergoes a ferromagnetic phase transition with a transition 
temperature of 50 ~ 55 K. The sheet resistance of SLs is as high as 106 Ω/□ at 300 K and 
increases with temperature decreasing. Instead of theoretical predicted Chern or Mott 
insulation, a thermally activated behavior appears in both (001) and (111)-oriented SLs. This 
may be related to the electron configuration of Mn ions in the SLs. The XPS studies reveal a 
high valence state of Mn4+ in the SL which is different from the conventional assumption of 
Mn3+ in the theoretical calculations for LMO-based SLs. This part of work was shown in 
chapter 7. 
The studies of LNO/LMO SLs reveal an unexpected exchange bias effect with a shift of 
the hysteresis loops along the magnetic field axis. The exchange bias exists in three kinds of 
SLs with different orientations. The ZFC and FC magnetization measurements indicate the 
SLs contain two magnetic phases of different magnetocrystalline anisotropy. The exchange 
bias observed in LNO/LMO SL should be related to the interfaces between the two 
components. The measurements and analysis were presented in chapter 8. 
These interesting observations highlight once more the potential of interface engineering 
for fabrication of SLs with artificial functionalities. The understanding of these experimental 
works is also beneficial to the theoretical calculations and the design of new kinds of SLs. 
Based on the works in this thesis, we can further study other kinds of transition-metal oxides 
SLs, for example, SrIrO3/CaIrO3 SL was theoretical predicated as a topological semimetal 
with protected double-helicoid surface states, LaCoO3/STO SL was predicated as a Chern 
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2D·························································································Two dimensional 
AFM············································································Atomic force microscopy 
ARPES···················································Angle resolved photoemission spectroscopy 










LSMO·································································Lanthanum strontium manganite 
MIT·············································································Metal-insulator transition 
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RHEED····················································Reflection high energy electron diffraction 
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SL·······························································································Superlattice 
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Appendix F: Investigated PLD-Samples 
In order to optimize the PLD growth parameters and ensure the high-quality of SLs, about 384 samples were grown. The samples were analyzed by 
AFM, XRD, XRR, RSM, temperature-dependent resistance measurements (TDR), TEM, STEM, EDX, XPS, SQUID, and ARPES. The growth 
parameters and measurements of investigated PLD-samples are summarized in the following tables. 
 
Table A1 Growth parameters and measurements of investigated LNO single films. Three LNO targets were used (LNO I-III). The difference of the 
targets was described in chapter 3.  
Sample 
no. 






Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM TDR Other measurements 
G4780 LNO I STO (001) 0.2 720 3000/3 Yes Yes     
G4781 LNO I STO (001) 0.01 720 3000/3 Yes Yes     
G4782 LNO I STO (001) 0.001 720 3000/3 Yes Yes     
G4783 LNO I STO (001) 0.0003 720 3000/3 Yes Yes     
G4784 LNO I STO (111) 0.2 720 3000/3 Yes Yes     
G4785 LNO I STO (111) 0.01 720 3000/3  Yes     
G4786 LNO I STO (111) 0.001 720 3000/3  Yes     
G4787 LNO I STO (111) 0.0003 720 3000/3  Yes     
G4801 LNO II LAO (001) 0.2 720 3000/3  Yes     
G4804 LNO I LAO (001) 0.5 720 30000/15  Yes   Yes STEM 
G4805 LNO I LAO (001) 0.2 720 30000/15 Yes Yes   Yes STEM 
G4806 LNO I LAO (001) 0.05 720 30000/15 Yes Yes   Yes STEM 
G4807 LNO II LAO (001) 0.5 720 30000/15 Yes Yes   Yes STEM 
G4808 LNO II LAO (001) 0.2 720 30000/15 Yes Yes   Yes STEM 
G4809 LNO II LAO (001) 0.05 720 30000/15 Yes Yes   Yes STEM, EDX 
G4828 LNO II LAO (001) 0.05 720 30000/15  Yes  Yes   











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM TDR Other measurements 
G4837 LNO II STO (111) 0.5 720 30000/15 Yes Yes   Yes Phi-scan 
G4838 LNO II STO (111) 0.2 720 30000/15 Yes Yes  Yes Yes  
G4839 LNO II STO (111) 0.05 720 30000/15 Yes Yes  Yes Yes  
G4840 LNO II LAO (001) 0.05 720 1500/3 Yes Yes  Yes Yes  
G4841 LNO II LAO (001) 0.05 720 3000/3 Yes Yes  Yes   
G4842 LNO II LAO (001) 0.05 720 6000/3 Yes Yes  Yes Yes  
G4864 LNO II LAO (001) 0.05 720 1500/3 Yes Yes   Yes  
G4865 LNO II STO (001) 0.05 720 30000/15 Yes Yes   Yes STEM, EDX 
G4866 LNO I STO (001) 0.05 720 30000/15 Yes Yes   Yes STEM, EDX 
G4867 LNO II LAO (001) 0.2 720 30000/15  Yes     
G4870 LNO II LAO (111) 0.5 720 30000/15 Yes Yes   Yes  
G4871 LNO II LAO (111) 0.2 720 30000/15 Yes Yes   Yes  
G4872 LNO II LAO (111) 0.05 720 30000/15 Yes Yes   Yes Phi-scan 
G4873 LNO II LAO (111) 0.01 720 30000/15 Yes Yes   Yes  
G4884 LNO III STO (001) 0.05 720 30000/15  Yes   Yes STEM, EDX 
G4885 LNO III STO (001) 0.5 720 30000/15  Yes   Yes  
G4886 LNO III STO (001) 0.2 720 30000/15  Yes   Yes STEM, EDX 
G4887 LNO III STO (001) 0.01 720 30000/15  Yes     
G4889 LNO II STO (001) 0.05 720 30000/15 Yes Yes   Yes Phi-scan, STEM, EDX 
G4890 LNO II LAO (001) 0.05 720 30000/15  Yes    Phi-scan 
G4891 LNO II LAO (001) 0.5 720 30000/15 Yes Yes     
G4892 LNO II LAO (001) 0.05 720 1500/15  Yes   Yes  
G4893 LNO II LAO (001) 0.05 530 30000/15 Yes Yes   Yes  
G4894 LNO II LAO (001) 0.05 640 30000/15  Yes     











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM TDR Other measurements 
G4896 LNO II LSAT (001) 0.05 720 30000/15 Yes Yes    Phi-scan 
G4899 LNO II LAO (001) 0.05 640 30000/15 Yes Yes   Yes  
G4901 LNO II STO (001) 0.05 720 30000/15 Yes Yes     
G4903 LNO II LSAT (001) 0.05 720 30000/15 Yes Yes   Yes Phi-scan, STEM 
B578 LNO II LAO (001) 0.0001 850 1000/1 Yes      
G4928 LNO II LAO (001) 0.05 720 30000/15  Yes Yes Yes  Ellipsometry 
G4929 LNO II STO (001) 0.05 720 30000/15  Yes Yes Yes  Ellipsometry 
G4934 LNO II LAO (001) 0.5 720 30000/15  Yes     
B615 LNO II LAO (001) 0.05 730 121/1      RHEED 
B632 LNO II STO (001) 0.05 730 6000/3 Yes Yes    RHEED 
B633 LNO II STO (001) 0.05 730 60/1 Yes     RHEED 
G5001 LNO I STO (001) 0.05 720 10000/15 Yes Yes Yes    
G5005 LNO II LAO (001) 0.05 720 10000/3 Yes Yes  Yes Yes  
G5007 LNO II LAO (001) 0.05 720 900/3  Yes     
G5011 LNO II LAO (001) 0.05 720 3000/3 Yes Yes  Yes   
G5094 LNO II LAO (001) 0.05 720 150/1     Yes  
G5097 LNO II LAO (001) 0.05 720 100/1 Yes    Yes  
G5112 LNO II LAO (001) 0.05 720 100/1  Yes   Yes  
G5164 LNO II LAO (001) 0.05 720 6000/3     Yes  
G5165 LNO II LAO (001) 0.05 720 10000/10     Yes  
G5194 LNO III LAO (001) 0.05 720 30000/15  Yes  Yes   
B567 LNO III STO (001) 0.05 720 3000/3  Yes    RHEED 
B660 LNO III STO (001) 0.05 720 300/3  Yes    RHEED 
B662 LNO III STO (001) 0.05 720 30000/15    Yes  RHEED 











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM TDR Other measurements 
B671 LNO III LAO (001) 0.05 720 14000/10  Yes    RHEED 
B672 LNO III STO (001) 0.05 720 14000/10  Yes    RHEED 
G5283 LNO II LAO (001) 0.05 720 30000/15 Yes Yes  Yes   
G5284 LNO II LAO (001) 0.05 720 3000/15 Yes  Yes    
G5285 LNO II STO (111) 0.05 720 3000/15 Yes Yes Yes    
G5289 LNO II LAO (111) 0.05 720 3000/15 Yes Yes     
G5291 LNO II STO (111) 0.05 720 3000/15  Yes  Yes  Phi-scan 
G5315 LNO II LSAT (111) 0.05 720 3000/15  Yes     
G5324 LNO II STO (111) 0.05 720 60/1  Yes     
G6086 LNO II STO (111) 0.05 720 1500/3 Yes  Yes    
G6111 LNO II STO (011) 0.05 720 3000/3   Yes    
 









Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
B511 MgO (111) 0.01 700 10000/15  Yes   RHEED 
B512 MgO (111) 0.1 700 10000/15  Yes   RHEED 
B513 MgO (111) 0.000006 700 10000/15  Yes   RHEED 
B514 a-sapphire 0.0003 700 10000/15 Yes Yes   RHEED 
B515 r-sapphire 0.0003 700 10000/15 Yes Yes   RHEED 
B516 MgO (001) 0.0003 700 10000/15 Yes Yes   RHEED, Phi-scan 
B527 MgO (111) 0.0003 700 10000/15  Yes   RHEED 
G4765 STO (001) 0.01 720 10000/15 Yes Yes    
G4766 STO (001) 0.001 720 10000/15 Yes Yes   Phi-scan, STEM, EDX 











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
G4768 STO (001) 0.0001 720 10000/15 Yes Yes    
G4769 STO (111) 0.01 720 10000/15 Yes Yes    
G4770 STO (111) 0.001 720 10000/15 Yes Yes    
G4771 STO (111) 0.0003 720 10000/15 Yes Yes    
G4772 STO (111) 0.0001 720 10000/15 Yes Yes    
G4797 LAO (001) 0.01 720 3000/3 Yes Yes    
G4798 LAO (001) 0.001 720 3000/3 Yes Yes   Phi-scan 
G4799 LAO (001) 0.0003 720 3000/3 Yes Yes Yes  Phi-scan 
G4800 LAO (001) 0.0001 720 3000/3 Yes Yes    
G4810 LAO (001) 0.01 720 30000/15 Yes Yes  Yes  
G4811 LAO (001) 0.001 720 30000/15 Yes Yes    
G4812 LAO (001) 0.0003 720 30000/15 Yes Yes Yes Yes Ellipsometry 
G4813 LAO (001) 0.0001 720 30000/15 Yes Yes   Phi-scan 
G4843 LAO (001) 0.0003 720 30000/15  Yes    
G4844 LAO (001) 0.0003 720 1500/3 Yes Yes Yes   
G4845 LAO (001) 0.0003 720 3000/3  Yes    
G4846 LAO (001) 0.0003 720 6000/3 Yes Yes Yes   
G4861 LAO (001) 0.0003 720 4500/3 Yes Yes Yes   
G4862 LAO (001) 0.0003 720 30000/15 Yes Yes    
G4863 LAO (001) 0.0003 720 10000/3 Yes Yes Yes   
G4874 LAO (111) 0.01 720 30000/15 Yes Yes  Yes  
G4875 LAO (111) 0.001 720 30000/15 Yes Yes  Yes  
G4876 LAO (111) 0.0003 720 30000/15 Yes Yes Yes Yes  
G4877 LAO (111) 0.0001 720 30000/15 Yes Yes    











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
B551 LAO (001) 0.0003 700 440/1 Yes    RHEED 
G4888 LAO (001) 0.0001 780 30000/15  Yes    
B561 LAO (001) 0.0001 850 1000/1     RHEED 
B562 LAO (001) 0.0001 850 1000/1 Yes Yes   RHEED 
B563 LAO (111) 0.0001 850 1000/1     RHEED 
B564 LAO (001) 0.0001 700 1000/1 Yes Yes   RHEED 
B565 LAO (001) 0.0001 850 1000/1 Yes    RHEED 
G4900 LSAT (001) 0.0003 720 30000/15  Yes  Yes Phi-scan 
B580 LAO (001) 0.0001 850 1000/1 Yes    RHEED 
B581 LAO (001) 0.0001 850 1000/1     RHEED 
B582 LAO (001) 0.0001 850 700/1     RHEED 
B588 LAO (001) 0.0001 850 700/1     RHEED 
B589 LAO (001) 0.0001 850 700/1     RHEED 
B590 STO (001) 0.0001 850 700/1 Yes    RHEED 
B591 STO (001) 0.0001 850 700/1 Yes    RHEED 
B592 LAO (001) 0.0001 850 700/1     RHEED 
B593 LAO (001) 0.0001 850 700/1 Yes Yes   RHEED 
B594 LAO (001) 0.0001 850 1050/1 Yes Yes   RHEED 
B596 LAO (001) 0.0001 850 1050/1  Yes  Yes  RHEED 
B597 LAO (001) 0.0001 850 700/1 Yes    RHEED 
B598 STO (001) 0.0001 850 700/1 Yes    RHEED 
B599 LAO (001) 0.0001 700 1050/1 Yes Yes Yes  RHEED 
G4930 STO (001) 0.0003 720 10000/15  Yes    
G4931 LAO (001) 0.0003 720 30000/15  Yes    











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
B608 STO (001) 0.0001 800 280/1     RHEED 
B609 STO (001) 0.0001 800 280/1     RHEED 
B610 STO (001) 0.0001 800  700/35     RHEED 
B616 LAO (001) 0.0001 850 700/1     RHEED 
G5111 STO (001) 0.05 720 30000/15  Yes    
G5114 LAO (001) 0.05 720 30000/15 Yes Yes    
B655 LAO (001) 0.05 730 3000/2  Yes   RHEED 
B659 STO (001) 0.05 730 300/2  Yes   RHEED 
B661 STO (001) 0.05 730 30000/15    Yes RHEED 
B892 STO (001) 0.0003 700 1000/3     RHEED 
G5286 STO (111) 0.05 720 3000/15 Yes  Yes   
G5290 LAO (111) 0.05 720 30000/15 Yes Yes    
G5292 STO (111) 0.05 720 30000/15 Yes Yes  Yes  
G5314 LSAT (001) 0.05 720 30000/15  Yes    
G5317 STO (111) 0.0001 720 30000/15  Yes    
G5318 STO (111) 0.001 720 30000/15  Yes    
G5319 STO (111) 0.05 720 30000/15  Yes Yes Yes  
 









Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
G5882 STO (001) 0.01 720 30000/15  Yes    
G5885 LSAT (001) 0.0003 720 30000/15 Yes Yes    
G5886 SiO2-glass 0.0003 720 30000/15  Yes    











Pulse number / 
Frequency (Hz) 
AFM XRD XRR RSM Other measurements 
G5888 STO(001) 0.0003 720 3000/3 Yes  Yes   
G5889 MgO(111) 0.0003 720 30000/15  Yes    
G5890 LAO(001) 0.0003 720 3000/15  Yes Yes   
G5891 LAO(001) 0.0003 720 3000/3 Yes Yes Yes   
G5892 STO(001) 0.0003 720 30000/15 Yes Yes  Yes  
G5893 MgO(001) 0.0003 720 30000/15 Yes Yes    
G5894 MgO(001) 0.0003 720 3000/3   Yes   
G5895 LAO(001) 0.0003 720 30000/15 Yes Yes    
G5896 LAO(001) 0.0003 720 3000/3 Yes Yes Yes   
G5903 STO(001) 0.0003 720 3000/3  Yes Yes   
G5904 LSAT(001) 0.0003 720 3000/3  Yes Yes   
G5931 STO(001) 0.0003 720 3000/3 Yes  Yes   
G5933 LAO (001) 0.0003 720 3000/3 Yes  Yes   
G5967 LAO(111) 0.0003 720 3000/3   Yes   
G5968 STO(111) 0.0003 720 3000/3  Yes Yes   
G5969 LAO(111) 0.0003 720 30000/15  Yes    
G5970 STO(111) 0.0003 720 30000/15  Yes    
G5972 STO(111) 0.05 720 3000/3   Yes   
G5973 STO(111) 0.05 720 30000/15  Yes    
G6037 STO (111) 0.0003 720 508/1 Yes     
B893 STO (001) 0.0003 700 1000/3     RHEED 
B896 STO (111) 0.0003 700 1000/3     RHEED 





Table A4 Growth parameters and measurements of investigated LNO/LAO SLs. The SLs’ structure is represented by [m/n]l, where m and n indicate 
the number of unit cells, l indicates the stacking periodicity of SLs. The pressure in the form of A/B indicates pressure A and B applied during 








AFM XRD XRR RSM TDR Other measurements 
B611 STO (001) [25/25]10 0.05/0.0001 Yes Yes   Yes RHEED 
B612 STO (001) [25/25]10 0.05/0.0001 Yes Yes  Yes Yes RHEED 
B613 LAO(001) [25/25]10 0.05/0.0001 Yes Yes   Yes RHEED 
B614 LAO(001) [25/25]10 0.05/0.0001 Yes Yes   Yes RHEED, Ellipsometry 
G4946 LSAT (001) [25/25]10 0.05/0.0001  Yes  Yes Yes  
G4947 LSAT (001) [25/25]10 0.05/0.0003  Yes Yes Yes Yes  
G5003 LAO (001) [10/10]10 0.05/0.0003 Yes Yes     
G5004 LAO (001) [5/5]10 0.05/0.0003 Yes Yes     
G5006 LAO (001) [10/10]10 0.05/0.0003 Yes Yes   Yes  
G5008 LAO (001) [10/10]10 0.05/0.0003 Yes Yes   Yes  
G5009 LAO (001) [5/5]10 0.05/0.0003 Yes Yes  Yes Yes  
G5010 LAO (001) [20/12]10 0.05/0.0003 Yes Yes     
G5093 LAO (001) [5/5]10 0.05/0.0003 Yes Yes Yes  Yes  
G5096 LAO (001) [5/3]10 0.05/0.0003  Yes   Yes  
G5098 LSAT (001) [5/5]10 0.05/0.0003 Yes Yes Yes Yes   
G5099 LAO (001) [5/3]20 0.05/0.0003  Yes   Yes  
G5104 LAO (001) [5/5]10 0.05/0.05 Yes Yes Yes Yes   
G5105 STO (001) [5/5]10 0.05/0.05  Yes Yes Yes   
G5106 LSAT (001) [5/5]10 0.05/0.05  Yes Yes Yes   
G5117 LAO (001) [5/5]10 0.05/0.0003     Yes  









AFM XRD XRR RSM TDR Other measurements 
G5133 LAO (001) [5/3]10 0.05/0.0003  Yes Yes    
G5156 LAO (001) [5/5]8 0.05/0.0003     Yes  
G5157 LAO (001) [5/5]5 0.05/0.0003     Yes  
G5158 LAO (001) [5/5]11 0.05/0.0003     Yes  
G5160 LAO (001) [5/3]4 0.05/0.0003     Yes  
G5166 LAO (001) [5/3]4 0.05/0.0003     Yes  
G5167 LAO (001) [5/5]4 0.05/0.0003     Yes  
G5171 LAO (001) [5/3]6 0.05/0.0003     Yes  
B634 STO (001) [10/10]10 0.05/0.0001 Yes Yes    RHEED 
B635 STO (001) [5/5]10 0.05/0.0001 Yes Yes    RHEED 
B652 LAO (001) [17/18]1 0.05/0.05   Yes Yes  RHEED 
B654 LAO (001) [17/18]3 0.05/0.05   Yes   RHEED 
B658 LAO (001) [13/7]5 0.05/0.05   Yes   RHEED 
G5287 STO (111) [9/7]10 0.05/0.05 Yes Yes Yes Yes Yes Phi-scan 
G5288 LAO (111) [9/9]10 0.05/0.05 Yes Yes     
G5293 STO (111) [6/7]10 0.05/0.05 Yes Yes  Yes Yes  
G5294 STO (111) [4/7]10 0.05/0.05 Yes Yes   Yes  
G5320 STO (111) [6/7]10 0.05/0.0003  Yes Yes  Yes  
G5321 LAO (011) [5/4]10 0.05/0.05  Yes Yes  Yes  
G5322 STO (111) [6/7]20 0.05/0.05  Yes Yes Yes   
G5323 STO (001) [3/5]10 0.05/0.05   Yes    
G5340 LAO (001) [10/5]10 0.05/0.0003  Yes   Yes  
G5341 STO (111) [18/7]10 0.05/0.05  Yes  Yes   
G5345 STO (111) [36/7]20 0.05/0.05  Yes  Yes   









AFM XRD XRR RSM TDR Other measurements 
G5418 LAO (001) [50/66]10 0.05/0.05 Yes Yes     
G5419 LAO (111) [25/33]10 0.05/0.05 Yes Yes Yes    
G5420 LAO (111) [9/7]10 0.05/0.05 Yes Yes Yes  Yes  
G5421 LAO (111) [6/7]10 0.05/0.05 Yes  Yes  Yes  
G5422 LAO (111) [4/7]10 0.05/0.05 Yes  Yes  Yes  
G5423 LSAT (111) [9/7]10 0.05/0.05 Yes Yes Yes    
G5424 LSAT (111) [6/7]10 0.05/0.05 Yes  Yes  Yes  
G5425 LSAT (111) [4/7]10 0.05/0.05 Yes  Yes  Yes  
G5491 LSAT (001) [5/5]10 0.05/0.0003     Yes  
G5492 LSAT (001) [3/5]10 0.05/0.0003     Yes  
G5493 STO (001) [5/5]10 0.05/0.0003     Yes  
G5494 STO (001) [3/5]10 0.05/0.0003     Yes  
G5505 LAO (001) [5/5]10 0.05/0.0003     Yes  
G5506 STO (001) [10/5]10 0.05/0.0003     Yes  
G5523 STO (111) [9/7]10 0.05/0.05  Yes Yes Yes Yes  
G5524 STO (111) [13/7]10 0.05/0.05  Yes Yes Yes   
G5525 STO (111) [4/7]10 0.05/0.05  Yes Yes    
G5526 STO (111) [4/5]10 0.05/0.05  Yes Yes    
G5527 LSAT (111) [13/7]10 0.05/0.05  Yes Yes    
G5532 LAO (111) [4/7]5 0.05/0.05  Yes Yes  Yes  
G5533 LAO (111) [4/7]15 0.05/0.05  Yes Yes  Yes  
G5534 LAO (111) [4/7]10 0.05/0.05  Yes Yes  Yes  
G5535 LAO (111) [4/5]10 0.05/0.05  Yes Yes  Yes  
G5536 LAO (111) [6/7]10 0.05/0.05  Yes Yes    









AFM XRD XRR RSM TDR Other measurements 
G5538 STO (111) [4/5]10 0.05/0.05  Yes Yes    
G5539 STO (111) [9/9]10 0.05/0.05  Yes Yes    
G5540 LSAT (111) [6/7]10 0.05/0.05  Yes Yes    
G5541 LSAT(111) [4/7]10 0.05/0.05  Yes Yes    
G5569 LAO (111) [6/6]10 0.05/0.05     Yes  
G5570 LAO (111) [4/6]8 0.05/0.05     Yes  
G5571 LAO (111) [4/6]12 0.05/0.05     Yes  
G5572 LAO (111) [9/6]10 0.05/0.05     Yes  
G5573 LAO (111) [6/6]10 0.05/0.05     Yes  
G5574 LAO (111) [12/7]10 0.05/0.05     Yes  
G5575 LAO (111) [2/2]10 0.05/0.05 Yes    Yes  
G5576 LAO (111) [2/2]8 0.05/0.05     Yes  
G5577 LAO (111) [2/2]12 0.05/0.05     Yes  
G5578 LAO (111) [2/4]10 0.05/0.05 Yes    Yes  
G5590 LAO (111) [2/3]10 0.05/0.05     Yes  
G5591 LAO (111) [2/3]8 0.05/0.05   Yes    
G5592 LAO (111) [2/3]12 0.05/0.05     Yes  
G5600 LAO (111) [2/5]8 0.05/0.05     Yes  
G5601 LAO (111) [2/5]10 0.05/0.05     Yes  
G5602 LAO (111) [2/6]10 0.05/0.05   Yes  Yes  
G5603 LAO (111) [2/2]20 0.05/0.05   Yes  Yes  
G5604 LAO (111) [2/3]12 0.05/0.05   Yes  Yes  
G5605 LAO (111) [4/4]6 0.05/0.05   Yes  Yes  
G5606 LAO (111) [8/8]6 0.05/0.05   Yes  Yes  









AFM XRD XRR RSM TDR Other measurements 
G5647 LAO (111) [9/9]10 0.05/0.05 Yes      
G5656 LAO (111) [18/9]10 0.05/0.05     Yes  
G5657 LAO (111) [15/9]10 0.05/0.05     Yes  
G5859 STO:Nb (111) [2/4]10 0.05/0.05 Yes  Yes    
G5860 STO:Nb (111) [2/2]10 0.05/0.05 Yes  Yes    
G5861 STO:Nb (111) [2/4]6 0.05/0.05   Yes    
G5862 STO:Nb (111) [2/2]6 0.05/0.05   Yes    
G5863 STO:Nb (111) [2/4]4 0.05/0.05   Yes    
G5864 STO:Nb (111) [2/2]4 0.05/0.05   Yes    
G5865 LAO (111) [2/4]10 0.05/0.05 Yes  Yes    
G5866 LAO (111) [2/2]10 0.05/0.05   Yes    
G5867 LAO (111) [2/4]6 0.05/0.05   Yes    
G5868 LAO (111) [2/2]6 0.05/0.05   Yes    
G5869 LAO (111) [2/4]4 0.05/0.05   Yes    
G5870 LAO (111) [2/2]4 0.05/0.05   Yes    
G5858 LAO (111) [7/4]10 0.05/0.05   Yes  Yes  
G5871 LAO (111) [20/20]10 0.05/0.05   Yes    
G5872 LAO (111) [2/3]10 0.05/0.05   Yes    
G5938 STO:Nb (111) [2/2]10 0.05/0.05 Yes  Yes    
G5939 STO:Nb (111) [2/4]10 0.05/0.05 Yes  Yes    
G5996 LAO (111) [2/4]6 0.05/0.05 Yes      
G6009 STO:Nb (111) [2/4]6 0.05/0.05 Yes      
G6010 STO:Nb (111) [2/2]6 0.05/0.05 Yes      
G6021 STO:Nb (111) [2/4]6 0.05/0.05 Yes     ARPES 
G6026 STO (001) [4/2]6 0.05/0.0003 Yes      
162 
 
Table A5 Growth parameters and measurements of investigated LMO/LAO SLs. The SLs’ structure is represented by [m/n]l, where m and n indicate 
the number of unit cells, l indicates the stacking periodicity of SLs. The oxygen pressure and substrate temperature during deposition were fixed to 
0.0003 mbar and 720 °C, respectively. 
Sample no. Substrate & Orientation Structure AFM XRD XRR RSM Other measurements 
G5900 LAO (001) [5/5]10 Yes Yes Yes Yes  
G5901 STO (001) [5/5]10 Yes Yes Yes Yes  
G6022 STO:Nb (111) [2/2]6 Yes     
G6023 STO:Nb (111) [2/4]6 Yes    ARPES 
G6024 STO:Nb (111) [9/9]10 Yes Yes Yes Yes High-resolution TEM 
G6067 STO (001) [5/5]10 Yes Yes Yes Yes SQUID, PPMS 
G6068 STO (111) [9/9]10 Yes Yes Yes Yes SQUID, PPMS 
G6095 STO (111) [9/9]10 Yes     
G6102 STO:Nb (111) [5/5]10 Yes    XPS 
G6103 STO (001) [9/9]10 Yes     
B894 STO (001) [9/9]10     RHEED 
B895 STO (111) [5/5]10     RHEED 
G6115 STO (011) [7/7]10 Yes   Yes  
G6118 STO (011) [6/6]10    Yes  
G6120 STO (001) [2/2]10    Yes  
G6121 STO (111) [2/2]10     TDR 
G6122 STO (001) [5/5]10    Yes TDR 
G6123 STO (111) [5/5]10    Yes TDR 
G6213 STO (011) [7/7]10   Yes Yes  
G6214 STO (011) [5/5]10   Yes Yes  
G6215 STO (011) [5/5]10 Yes  Yes Yes PPMS 
G6216 STO (011) [5/5]10   Yes Yes  
G6227 STO:Nb (111) [5/5]10 Yes     
163 
 
Sample no. Substrate & Orientation Structure AFM XRD XRR RSM Other measurements 
G6228 STO:Nb (111) [9/9]10 Yes     
G6237 STO (111) [6/6]10     TDR 
G6238 STO (111) [4/4]10     TDR 
 
Table A6 Growth parameters and measurements of investigated LNO/LMO SLs. The SLs’ structure is represented by [m/n]l, where m and n indicate 
the number of unit cells, l indicates the stacking periodicity of SLs. The pressure in the form of A/B indicates pressure A and B applied during 







AFM XRD XRR RSM TDR Other measurements 
G5898 STO (001) [5/5]10 0.0003/0.0003 Yes Yes Yes Yes   
G5899 STO (001) [5/5]10 0.0003/0.0003 Yes Yes Yes Yes   
G5927 STO (001) [5/5]10 0.05/0.0003 Yes  Yes Yes Yes  
G5928 STO (001) [6/2]10 0.05/0.0003 Yes    Yes  
G5929 STO (001) [4/2]10 0.05/0.0003 Yes    Yes  
G5930 STO (001) [2/2]10 0.05/0.0003 Yes    Yes  
G5934 LAO (001) [5/5]10 0.05/0.0003 Yes  Yes  Yes  
G5935 LAO (001) [6/2]10 0.05/0.0003 Yes    Yes  
G5936 LAO (001) [4/2]10 0.05/0.0003 Yes    Yes  
G5937 LAO (001) [2/2]10 0.05/0.0003     Yes  
G5974 STO (111) [9/9]10 0.05/0.0003  Yes Yes  Yes  
G5979 STO (111) [2/2]10 0.05/0.0003 Yes    Yes  
G5980 STO (111) [4/2]10 0.05/0.0003 Yes    Yes  
G5981 STO (111) [6/2]10 0.05/0.0003 Yes    Yes  
G6032 STO:Nb (111) [9/9]10 0.05/0.0003 Yes  Yes Yes  High-resolution TEM 
G6033 STO (111) [9/9]10 0.05/0.0003 Yes      









AFM XRD XRR RSM TDR Other measurements or 
Comments 
G6035 STO (111) [7/7]13 0.05/0.0003 Yes     SQUID 
G6036 STO (001) [9/9]10 0.05/0.0003 Yes  Yes   SQUID 
G6065 STO (001) [8/2]10 0.05/0.0003 Yes Yes Yes Yes Yes  
G6066 STO (111) [8/2]10 0.05/0.0003 Yes Yes Yes Yes Yes  
G6082 STO (111) [10/2]10 0.05/0.0003       
G6083 STO (001) [2/2]10 0.05/0.0003 Yes      
G6084 STO (111) [2/2]6 0.05/0.0003 Yes      
G6085 STO (001) [2/2]6 0.05/0.0003 Yes      
G6087 STO (111) [12/2]10 0.05/0.0003     Yes  
G6088 STO (111) [14/2]10 0.05/0.0003     Yes  
G6104 STO:Nb (111) [2/2]6 0.05/0.0003 Yes      
G6105 STO (001) [2/2]6 0.05/0.0003 Yes      
G6113 STO (011) [7/7]10 0.05/0.0003 Yes   Yes   
G6114 STO (011) [2/2]6 0.05/0.0003 Yes      
G6117 STO (011) [7/7]11 0.05/0.0003    Yes  SQUID 
G6149 STO (011) [10/2]10 0.05/0.0003    Yes Yes  
G6150 STO (011) [8/2]10 0.05/0.0003     Yes  
G6151 STO (011) [6/2]10 0.05/0.0003     Yes  
G6152 STO (011) [4/2]10 0.05/0.0003     Yes  
G6153 STO (011) [2/2]10 0.05/0.0003     Yes  
G6167 STO (011) [2/2]6 0.05/0.0003 Yes      
G6180 STO (001) [7/7]7 0.05/0.0003    Yes  SQUID 
G6190 STO (111) [7/7]13 0.05/0.0003      PPMS 
G6199 STO (011) [2/2]6 0.05/0.0003 Yes      









AFM XRD XRR RSM TDR Other measurements or 
Comments 
G6201 STO (011) [5/5]10 0.05/0.0003      PPMS 
G6210 STO (001) [7/7]13 0.05/0.0003   Yes Yes  PPMS 
G6211 STO (011) [7/7]13 0.05/0.0003   Yes Yes   
G6212 STO (011) [5/5]13 0.05/0.0003   Yes Yes   
G6224 STO (001) [7/7]10 0.05/0.0003 Yes      
G6229 LAO (001) [5/5]10 0.05/0.0003   Yes Yes  PPMS 
G6230 LAO (111) [7/7]13 0.05/0.0003   Yes Yes  PPMS 
G6231 LAO (011) [7/7]11 0.05/0.0003   Yes Yes  PPMS 
 
Table A7 Growth parameters of LaAgO3 single films. The (111)-oriented LaAgO3/LAO superlattice was theoretical predicted as a topological 
insulator. It has been reported that LaAgO3 powder can be synthesized by chemical methods. However, the LaAgO3 films grown by PLD are 
amorphous. The films and target have decomposed within two months after the experiments. 
Sample no. Substrate & Orientation Pressure (mbar) Temperature (°C) XRD 
G5625 LAO (001) 1 700 Yes 
G5626 LAO (001) 0.1 700 Yes 
G5627 LAO (001) 0.01 700 Yes 
G5628 LAO (001) 0.001 700 Yes 
G5637 SiO2-glass 1 640 Yes 
G5638 SiO2-glass 0.1 640 Yes 
G5639 SiO2-glass 0.01 640 Yes 
G5640 SiO2-glass 0.001 640 Yes 
G5642 SiO2-glass 0.0001 640 Yes 
G5643 SiO2-glass 0.0001 Room temperature Yes 
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